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-\An analytical and experimental investigation was conducted to characterize the fracture
and cyclic-growth behavior of cracks emanating from various types of fastener holes, such
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approach was developed for estimating stress intensity factors for through cracks emanating
from these ty', es of fastener holes. Approximate stress intensity factors for quarter-

7 } elliptical cracks emanating from a corner of the some types of fastener holes were derived
Y: from corresponding through-crock solutions. Two alloy plates (2219-T851 aluminum and
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- 46AI4V (ELI) beta annealed titanium) with and without intentional initial flaws were tested

under constant amplitude cyclic load and flight-by-f light fighter and bomber spectrum loads.
Two initial flaw shapes corresponding to a quorter-circu!ar comer crock and a through-the-
thickness crock and three Initial crack lengths (small, intermediate and large) were used in
the test program. Three levels of cold working and interference and one level at fastener
load transfer were included for each alloy. The amount of load transferred through the load-
ed ,astener was maintained uniformly at the level which produced a bearig stress equal to
the far-field stress.

'1 Correlations between calculated stress intensities and those reduced from fatigue crack
growth data were good, except for very small cracks growing frcm the cold-worked holes.
Also, the natural cracks initiated in the fatigue tests were most commonly comer and
embedded types whose shapes corresponded quite closely to the quarter- and semi-elliptical
shapes used in the analyses.

Test growth rates for holes with residual strains (cold-worked or intetrferencv- 5st
fasteners)were significantly slower than for straight roawed holes without any conditionin-; -
especially for small initial cracks. This benefit decayed as crack length increased.

I Data scatter was most apparent in fighter-sperrum tests and in the tests a short initial
cracks propagating From cold-worked and interference-fit holes. Another important feature
observed was how the initial comer flaw shapes changed during their growth: for straight
reamed holes with or wil'out cold working, the final dimension on the hole wall was almost
always larger than the final dimension on the plate surface, especially for the cold-worked
hole; for interference-fit fastener holes without fastener load transfer, the final flo.v shape
was close to quarter-circular; for interference-fit fastener holes with fastener load transfer,
the final dimension on the hole wall was less than that on the plate surface.

Lastly, a review of experimental results and nunwrical predictions indicated the possibility
that the beneficial residual compressive strains induced by cold-working operations were
relaxed during the subsequent application of cyclic loods.

UNCLASSIFIED
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FOREWORD

This report describes results of work performed by the Lockheed-Georgia Company

on Air Force Contract F33615-75-C-3099, "Extended Study of Flow Growth at Fastener

Holes." The effort was sponsored by the Air Force Flight Dynamics Laboratory as part

of the Advanced Metallic Structures - Advanced Development Program, Prject No. 486U.

! I Mr. James L. Rudd of AFFDL/FBE was the Air Force Project Engineer.

This program was conducted within the Engineering Branch of the Lockheed-Georgia

Company, Marietta, Georgia, under the direction of Chief Engineer - Research and

Technology, Mr. H. B. Allison. The Project Engineer was Dr. T. M. Hsu of the Advanced *1..

Structures Department. The experimental work was performed under the supervision of
j W. M. McGee who was assisted by H. R. Michael. The unflowed stress analysis was

performed by Dr. J. A. Aberson. The stress intensity factor analysis and data evaluation

were performed by Dr. T. M. Hsu.

This report wns submitted by the authors on June 10, 1977.
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7
SUMMARY

An analytical and experimental inVestigotioi was conducted to characterize the fracture

and cyclic growth behavior of small cracks emanating from various types of fastener holes.

An analytical procedure was developed for estimating the stress intensity factor for a

given crack length, hole condition, and load combination. It consists of two major steps.

First, a nonlinear finite element solution for the elastic-plastic stress field appropriate to

the unflowed hole was generated. In the second step, a crack was introduced in this stress

field by removing the tractions on the crack foces ond computing the corresponding Otrem,

intensity factors using the Green's function approach.

The developed Green's function approach was used to calculate the stress intensity

factors for throughciacks emanatingj from open, close tolerance, interference-fit, and

colId-worked fastener holes sub jected to uniform far-fieldlIoadiag and, in sote cases, attendant

fastener loading. The appi oxintute sit essinttnIty FUc torS for quarter-el lipticol cracks

emanating from the cornier of the same types of fastener holes were derived fromt the

corresponcling thtu clock solutions. Thlt stietss intensitv fcctc l fa0 doubleV, silmi-

elliptical embedded crack originating at samle types Ot tostentNl holes waos det ived from511 tilt

modification of a sui face flaw solution.

* Experimental data in the form of crack length versus number of load cyc kos (~or flights)

resulting from appliciations of constant amplitu~de loading and flight-by-flight spectrum

loading were obtained for 370 dfterent test holes on two diffeqent (alloys, namel16y,

2219-T851 aluminum and 6AI-4V standard ELI beta annealed titanium. Seventy-four

constant amplitude and sF...ctrum fatigue tests of unflowed specimens were also conducted

to provide intormation fat conipa. ing the effective life of o nominal ly unflawed

specimen with that of a specimen containing a small initial flaw, ond for determiningj

the location and initial shape of naturally induced cracks.

The stress level used in the constant amplitude load tests was approximately equal to

one third of the material yield strength. Two different spectra represeastimg bomber and

fighter operations were employed in the spectrum lood tests. Two initial flaw shapes

A~Vt
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crack and three initial crack lengths (small, intermediate and large) were used in

the test progrom. The test holes, including open, close tolerance, interference-fit,

and cold-worked fastener holes, were subjected to lemote loading s wl us lustenti load-

ino when applicable. Three levels of cold working and interference were included

for each alloy. The amount of load transferred through the loanded fastener was main-

tained uniformly: at a level which produced a bearing stress equal to the far-field

stless.

Based upon the analytical study, it was found that when the applied far-field stress

exceeded about one third of the material yield strength, local plastic defomiation

occurred at the edge of an open hole, and the c omputed ,oinol ized stress inlte . :tv

factors were lower thon the Bowie' tactors obtuined lot the putely elastic case. As I ocu

yielding proceeded, the nornialized factors decreased as the far-field applied stress

in,.eased. When the crack length wus longer than one hole radius, this plasticity effect

became neglig -b le.

IF a the cases in which ci acks emuisuted from interference-fit fastener holes in both

aluminum and titanium alloy plates subjected o constant amplitude far-field loaing,

the computed effective stress intensity fa.;tor ranges, K - K . , were esentiallymax mii
constant and independent of the level ,f ,it'll I ic l inte l t Qinc'. iowe. I, the ettec tive t

stress intensity factor ratio, R eff - K.t n K MOX, did depend upon the level of interference.

For a crack length less than one radius, Rof decreased rapidly as the amount of interference

increased. When a r - I Reft remained almost constant as the amount of fastener hole

interference increuseJ

For cracks emanating :rori cold-worked fastener holes, the stress intensity factors

corresponding to a '),,en crack length increase, as the .qmount of cold working decreased.

The stress intensity fcictor% at cracked cold-worked open and close tolerance fastener

holes were practical, the sonie. However, with a small arount of fastener loud transfer,

the corresponding stress , nteisity actors increased significantly.

The correlations between the computed stress intensity factors and those reduced from

tests using the fatigue crack growth method of cli6toting K %%ere ilood, except toi sinall

cracks emanating tr il , ld-woked holes.

' 't~XXix "



Results of tests showed that tar a conditioned fasteir t hole (such as diametrical interference

of cold working), the crack growth rates, in general, were significantly lower than those

fax a straight reamed hole without conditioning, especially for small initial crocks.

The crack growth rates decreased with increasing amounts of cold working or interference. The

beneficial effect of the residual strains (created during the installation of interference-

fit fasteners or during the cold working operation) on retarding fatigue crack growth was

most significant when the crack length was small. The benefit decayed as the crack length

increased. For initially intermediate and large cracks emanating from interference-fit

fastener holes subjected to the same type of for-field loading, within the levels of inter-

ference studied during thiF program, the associated growth rates were almost the some for

each level of interference. Although cold working did retard crack grwth, the fatigue

life of the cold-worked hole was no better than that of the close tolerance fastener hole

fcc the same amount of fastener load transfer. Both corner cracks and embedded flaws

were the most common types of natural cracks initiated due to fatigue cycling. The

shapes of these natural cracks were very close to quarter- and semi-elliptical, respectively,

as assumed in most of the analyses.

Data scatter obtained from the fighter spectrum tests was larger than that corresponding

to the bomber spectrum tests, while the results of the constant amplitude tesis showed

least scatter. For the some far-field loading, data scatter was large in the tests of cracks

emanating from cold-worked and interference-fit fastener holes, with such scatter decreasing

rapidly as the crack length increased. For a given initial crack size, if the applied load

was very low (resulting in an effective AK being approximately equal to AK threshold),

the growth behavior of the crack was essentially the same as that of a fatigue test without

an intentional flaw.

Another important feature observed was the change in flaw shape during the growth

of comer cracks. For straight reamed holes with or without cold working, the final dimen-

sion on the hole wall was almost always larger than the final dimension on the plate surface,
especially for cold-worked holes. For interference-fit fastener holes without fastener

load transfer, the final flow shape was close to quarter-circular. However, for interference-

fit fastener holes with fastener load hansfei, the final dimension on the hole wall was less

than that on the plate surface.

xxx
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Theoretically speaking, if the crack length is smaller than the compresive zone result-

ing from the cold-working operation and the application of the maximum cyclic load,

the crack should not propagate under constant amplitude cyclic loading. However, the

experimental data generated during this program negated such a conclusion. It is

suspected that relaxation of the residual compressive strains due to cold working occurred,

and after a period of fatigue cycling, the net hoop stress reverted to tension upon the

application of the muximum cyclic load. The existing methodology is not capable of

taking such relaxation into account. The interactions of the overloads and compressive

loods in the spectrum with the residual compressive hoop stress around the fastener hole

resulting from the cold-working operation should be investigated in more detail. Limited

data available to date seems to indicate that these interactions might negate any bene-

ficial effects gained from the cold-working operation.

NAX I



SECTION I

INTRODUCTION

The influence of fracture mechanics on the design, manufacture, and maintenance of

military aircraft has steadily increased during the past decade. The continuing search

for greatly improved research methods in this area has lamrgely stemmed from the need

for a better understanding of the growth characteristics of minute crack-like defects.

A review of U. S. Air Force aircraft structural failures I ) * revealed that cracks

emanating from fastener holes represent the most common origin of these failures. Cracks

in fastener holes have been observed in a variety of shapes and lengths, but practically

all of these hove two common historical features. They initiated or were introduced some-

where on the boundary of the hole and their initial dimensions were quite small in comparison

with the radius of the hole. Therefore, in the interest of the widest possible application

of the results, it is appropriate to study small and intermediate size0 fastener-hole cracks

in sufficient detail to assess their growth characteristics.

The principal difficulties in such an analytical study relate to the comparative smallness

of the crock. Generally, the plane deformation stress intensity factors, KI and KII, are

primarily functions of the remote stress level and the crack length. However, for a small

fastener hole crack, KI and K 1 are expected to be additionally sensitive to the particular

combination of the following conditions:

I) whether the hole is open or filled

2) load transferred by the fastener

3) degree of fastener interference

4) severity and extent of prior hole conditioning procedures such as cold working

and reaming.

A crack that has grown to a length comparable to the rodius of the hole is influenced

much less by hole conditions, and its stress Intensity factor can be estimated from avail-

able and uncluttered closed form solutions.

' Numbers in superscript parentheses indicate the references listed at the end of this report.

*' In this report, the crock size definitions ore as follows:
Small: 0.005" <a 'a 0.050"
Intermediate: 0.050" < a 0. 150"
Large: a 0. 150"

.1.



The objective of this program was to analyze and experimentally chorocterizu the fracture and
cyclic growth behavior of small flows originating ot fostener holes. The irogram was intended
to extend the Investigation beyond that of a previous study. ( 2) The purpose of the analytical
study was to provide solutions for stress intensity factors appropriate to fastener hole crocks,
as shown in Figure 1, in order to determine whether the routine procedures of fracture mechan-
ics are applicable for assessing the residual strengths and predicting the cyclic growth patterns
for these cracks. The results of the experimentol pogramweie used toevoluate the capability
of the analytical solution to predict the growth patterns of flaws from fastener holes in
2219-T851 aluminum and 6AA-4V $-annealed titanium. Additionally, the lest results

were used to determine whether fracture mechanics methods furnish a suitable failure criterion

for flawed, cold-worked holes.

An analytical procedure was developed for estimating the stress intensity factor for a
given crack length, hole condition, and load combination. It consists of two major
steps. First, a nonlinear finite element solution for the elastic-plastic stress field
appropriate to an unflawed hole was generated. In the second step, a crack was intro-

duced in this stress field by removing the tractions on the crack faces and computing
the corresponding stress intensity factors using the Green's function approach.

Th'e unflawed elostic-plastic stress solution considered strain-hardening plastic deformation

and elastic unlouding. It accounted far tfe practical order of loading (e.g., cold working
followed by the application of remote loading and possible fastener reaction) and ir.cluded
the effects of geometrical nonl inearities, such as the lass of contact between the hole wall

and a close-tolerance fastener during the deformation process.

The tractions removed in the second step reflected the combined effect of hole condition-

ing procedures and applied loads. The stress intensity solution was fully elastic. Tis
was appropriate for material behind the crock lip, but any additional plastic deformation
of material ahead of the tip was replaced by on elastic equivalent. Such an approxima-
tion was necessary to preserve the notion of a stress intensity factor and was consistent
with what is routinely done in applying the principles of linear fracture mechanics; i.e.,
a plastic zone just ahead of and peculiar to the crack tip is quantitatively ignored.
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The analytical program, though extensive and reasonably comprehensive, was intended to

complement a parallel experimental program. The main thrust of the experimental pro-

gram was to provide baseline data for assessing the growth characteristics under constont-

amplitude cyclic loading and flight-by-flight spectrum loading of small-and intermediate-

size fastener hole cracks for two different alloys, namely, 2219-T851 aluminum and 6AL-4V

standard ELI beta annealed titanium. The stress level used in the constant ornplitude load

*: tests was approximately equal toone third of the material yield strength. Two different

spectra representing the bomber and fighter operations were employed in the spectrum load

tests. Two initial flow shapes corresponding to a qurter-circulr corner crock and a

through-the-thickness crack and three initial crack lengths (small, intermediate and large)

were used in the test program. The hole conditions and types of applied loading included

practical combinations of the four conditions previously listed. Three levels of cold

working and interference were included for each alloy. The amount of load transferredI throug. the loaded fastener wasmaintained uniformly at a level which produced a

bearing stress equal to the far-field stress.

A limited number of constant amplitude and spectrum fatigue tests of unflowed specimens

were also conducted to provide information for

1)Comparing the effective life of a nominally unflowed specimen with that of a

specimen containing a small initial flaw;

2) Determining the location and initial shape of naturally induced cracks.

In recognition of the relatively broader scatter of the growth of small cracks and fatigue-

test results, two specimens were employed for each condition. The total number of flawed

and unflawed test holes in the experimental program is 444 and they are summarized

in Table 1.

Wherever possible, the computed stress intensity factors were validated with the experi-

mental data.

3
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SECTION 11

SCOPE

Scopes of both experimental and analytical programs ore discussed in this section.

1. EXPERIMENTAL PROGRAM

The scope of the experimental program was estoblished to extend thle large flow evaluation

program reported in Reference (2). Consequently, a commonality exists in those details

considered to be important in making the two programs complementary. Commonality

between the two ptograms. was maintained for the following variables:

* Alloys, tempers, and thicknesses

0 Specimen thicknesses andl grain orientations

0 Fastener types, diameters, and moduli

* Preparation of tapered and cold-worked holes

e Levels of interference and cold work

a Load prof iles
* Bomber and fighter test spectra

* Test environments

0 Ratio of far-field to bearing stress for load tranfer

The scope of this program was structured into four elements as outlined below:

a Material characterization and failure criterion

a Constant-amplitude crack growth evaluations

0 Spectrum load crack growth evaluations

0 Fatigue evaluations of specimens without intentional flows

Complete details of the technical items common to each program as well as a complete defini-

tion of each scope element ore presented in the subsequent sections of this ieport.

1 .1 Material Characterization and Failure Criterion Test,

The scope of the material character ization and failure criterion test program is summarized in

Table 2. Tensiles and compressive tests were pe-rformedi for the long transverse grain direc-

tion to characterize the mechanical properties and generate stress-strain curves. The stress-
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strain curves were used to derive itrain hardening coefficient-snecessary 1ro v-.T~rry t-

analytical treatment of cold-worked and nterfrence-ft fastener holes, K was
determined for one thickres of each alloy using the conter crack specimeu conhiguro-
tion. The thicknesse selected correspond to those used for the subsequently describe.
crock w1owth and fatigue evaluations. The do'tN tests were p tortfc ed ix tt so"e thicknesses.

For purposes of this program, the da,,dN tests were performed for the slow Utoth tote
region (10 to 10- inch per cycle). Such tests also included the devem~inoIlon of a
.K threshold value. All dki dN testini wos. p ffownid fixo centetos ack sp~'cimiiw cc.4iig-

uiation, a load utu;o of 10. 10 and a h equency of 10 cycles pet second. Tlhie toilute

c iter on tests pet allo). wte pe Int.m.d to evaluat a po4sible fnilk e clfe io ;ot cold-

worked holes. All ttiee specimens lot a given 0110, C.Ultae d. t, strme le''Vel of Cold Ck.
Pr ion to cold woking, each tespective specimen %as prectocked to produce s1ai1, irternrediate

ad lrge through flaws. Testing of these wi pet omed itiiout fasteners installed.

1 2 Fatigue Tests foc Fastenet Holes writtiot Intentional Fila%%s

Baseline fatigue tests %eie perfoimed on specimens without intentional tlows to obtain 1t41ol "10
crack otigins, shpes aond iives. These %wer pe foinied fo constont amplitude and spectium

load conditions. The constant a.mplitude lost plo .,ann is detailed in Table 3 lot the olumnnum

alloy and in Table 4 lot the titaonium alloy. Eachi alloy 'equined eight (8) spec iniens to o.toin
fatigue data on eighteen (18) test holes. The .'auiables en e selected dupicat;oris of ones em-
ployed in consant amplitude rosts cin specimens v.t; clacked hjoles, Lt oni. n level of cold

work and one level of ;nt~etemence wese used in the urnflawed tatigue tests. Tables 6 and 8
detail the spectrum test %ari ables. Cy:rbined, these, si.c hum IL.st s neq ird thilt. (30) -

arens to obtain fatique data t thi ty-eight test holes. Thtese also %efo selected dupltiotns

of conditions contained in% the ,esec t ve ttst plans tv holes taving i;ntentionl cmkwks. O,!k

one level of cold watok and one level of interference were included far thepe nd te levels
selected for each were the dominant ones it the test proiona.

1.3 Constant Amp~litude Tests for Crocked fasteneor Holes

The scope at thecorstantamplitude tests fo. cracked fastener holes in .221,-Ta5l alurminum ollo,

is detailed in Table 10 for part--hrough cracks and in Table 11 For through-the-thickness

cracks, respectively. Similar details for 6AJ-4V beta annvaled titanium alloy are con-
tained in Tables 12 and 13, respectively. In most cases, a duplicate test tot each test hole
condition was included for both aluminumr and titaniur alloys. A total of eighty-six (86)

i5



test holc wvre specified for the ahminum alloy and were distributed in thirty-one (3))

spi cmens. For the titaniums alloy there were seventy-two (72) telst holes distributed

in twenty-five (25) specimens. In this program, corner crock evaluations were limited.A

to small and intermediate size cracks only. owever, large size cracks were included

in the tivough craelk evaouotions. Three levels of cold wcmking ani thet' lee vI s of f 5 er

hole interference, pesented inr Tobtes 14 otud 15, iestwctivel) welt, used iii these test.

14 qun Loading Tsh fi Crocked !oatec Holes

The scofp of both tle bombar and fighter spectra load t'vahratiotn t 2219- T851 luminm

alloy and 6 Af-4V beta arnnal-ed titanium alloy is presented in Tables 16 to 19and 20 to23,

tespectively. A total of one hundied and nine (109) test holets ewedefined for the oluminum

alloy and were distributed in Jar ty (40)specimens. For the titunilul alloy, tlure were one

hundred and three (103) test holes distributed in thirty-five (35) specimens. The detailed test

plan was generally structured to evaluate the effectiveness of different levels of cold

work and interference under spectrum loading. The plan for thru crocks also evaluated

the relationship between crock tize and loss of beneficial effects of interference and ,_old

working. The some three levels of cold work and interference were used fcr both the con-

stant amplitude and spectrum tests.

Duplicate tests were perfomrmed to( al interference-fit fastener hoe and cold-worked holes

having small and intermediate initial flow sizes.

2. ANALYTICAL PROGRAM

The purpose of the analyticul program was to provide solutions fur stress intensity factors

appropriate to fastener hole crocks in order to judge whether the routine procedures of

fracture mechanics ore applicable fot assessing the esidual strengths and predicting the cyclic

growth patterns of the cracks, Such a judgement wus based o the results genrkoted

by the experimental program. The analytical program ;soloted the parometers significantly

influencing the stress intensity factors for the flaw types shown in Figure I, subject to the

fastener hole conditions and loading conditions summarized in lale 24.
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I.XPxERIMIN TAL PROGRAM

Two different materials in plate form wore employed lrt the exieimental 'progtrs,

2219-T851 oluminum alloy and 6AA-4V beta anneoled titonium. alloy. Thaw alloys

*w0t selected to Wov ode wrslts complemenling tiOse obtained on a pret ious Program

The ultsin~i alkly plates had a nonminol thickness of one-inch, a width of 2 incihes ind

a length of 12) inctieb. Two plates were used and both were front Kasef Lot Numbot 4848 |

with specified conformance to MIL-A-892, The titanium alloy plates had a nominal

thickness of 0.60 inch. a width of 55 nehes ond a length of 2 inches. The titniul

plates were furnished by the Air Force oand w e, tepted to have been niaiula;:tured

from the some heat by RIA. Also, the titinl was from the s,,me itay v. od on a previously

(2)
related phror here the titonium was reported to be an emtra low interstitial grade

and annealed above the beta transvs temterOtdre. Three plates were used on the program

reported herein.

A standard chemical analysis was perfor 'ed on a sonple of each olloy Ithe estit if)

Table 25ishoinq the compositions to be within specification limits. Photomncrographs

charoacterizing the microsrctute of each alloy, were also mode and are shown in Figure 2.

These were omade hi the plit n of the plotks. The Ti-6V -4V sishsf.uttettawod ni m~t be t-

annealed basket vtee strucue of ielati% el$ coarse tt e bel.t ' ihiilu til' , Z.l9- T65 N

microstructure showed a normal solution treated nJ aged structure with on insignificant

amount of Jork un .issolved Cu-Mg-Al constituent o d several light At-Cu-Mg particles.

Rockwell hacdnesses of hoth materials were also occeptabl e. R 67 for the Ti-6A-'

and Rb= 79.5 for the 2219-TSS1. Additionally, standard !ensile and compressive dal

in the LT grain direction were obtained for each alloy. This grain direction was selected

to be compotible with all subsequent testing and was the one employed in Reference 2.

These data are contained in Table 26. Both the tensile and compressive data for 2219-T$51

et.ceedd MIL-HDBK-5 "B" values. The tensile data for Ti-6A4"4V was between MIL-

HDBK-5 "A" and "B" values cnd the compress;ve yield strength was approximalelv equal

to the "B" value.

2. TEST SPECIMENS

To evaluate the varkus combinations of variables contained in the exHperimental program,

several different, but in many cases similar, test specinien configurations were requiredi.
7
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II
Configurtoions requited fot materil irhatcterizatlon and failure criterion tests ore shown

in Figure 3, Thae for evaluating flaw growth at fastener holes ore shown In Figure 4 and

configuraotions for fatigue tests without Intontional flows ore x.hown in Figure 5. All spec-

meens were rectangular (except tensile and compretuson tests) with educed test sections and9 hod their longest dimensions or loading direction parallel to the long-. -nserse grain dile'r-

lion of the rolled plate material. Test section thic-knesses were 0.375 and 0450 inch for

the titanium alloy and aluminum alloy, respectivel,. These thicknesses correspond to the

ones used in the Reference 2 program. A unique serialization was established f(r each

specimen and all variables oxscciated with each specimen serialization were identified.

This serialization was maintained thr ughout all operations, from a locational lay-out plan

on the uncut plate material to the reporting of final data. The locational lay-out plan

identified the location of each specimen and was used for cutting specimen blanks. The

blank% then were machined to the desired lengths and widths. Next, a machinitig cut was

made on each face of the blank% to produce the flatness necessary for precision machining

of the test section and a straight specimen for testing. Once test section machining was

co.pleoe, the specimens were prepared in accordance with their serialization. Except

for material characterization specimens, this further preporotion consisted of 1roducing

the various hole conditions described in the following section.

Two different specimen widths were used for the flow growth evaluations. The 4-inch-

wide specimens were us d for the sma!l and intermediate size flows and the 6-inch-wide

specimens were used for large flaws. In order to minimize the test time and cost, ad to

gather the maxim.xm amount of useful data, almost all specimens c >ntoined two or three test

holes. To avoid inteaction effects between cracks( 3) , hole spacing was 3 inches in the

4-inch wide specimens used for evaluating small and intenrediate cracks. Similarly, a 5-

inch spacing was used for th holes having large cracks in the 6-inch-wide specimens.

The general philosophy used in combining wore than one test hole in a specimen was com-

puised of the following principles:

a A porticular specimen contained flaws of the scme size.

0 A particular specimen contained flows of the some shape.

a A particular specimen contained fasteners of the some type.

0 As-reamed open holes were only mixed with as-reamed holes filled with

C lose- tolerance fasteners.

e Cold-worked holes were mixed with interference-fit fastener holes.

8
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This philosophy was originally expected to ensure the collection of useful data from each

hole contained in a particular specimen and to reduce the number of specimens required.

In fatigue tests without intentional (lows, the specimen configurations shown in Figure 5

were employed. Two of these configurations contain more than one test section. When

one section failed, it was removed and testing was continued on the remaining specimen

or specimens.

3. HOLE PREPARATION AND FASTENER INSTALLATION

Five different hole-fastener combinations were included in the experimental program as

follows:

1) Reamed hole - open.

2) Reamed hole - filled with close-tolerance fastener.

3) Cold-worked hole - open.

4) Cold-worked hole - filled with close-tolerance fastener.

5) Tapered hole - filled with Taper-Lok fastener.

It addition to the above hole and fastener variables, three different levels of cold work

were employed as well at three different Taper-Lok ener inteiference levels.

Alloy steel fasteners having a nominal diameter of 3/8 inch were used in the aluminum

alloy specimens. For the titanium alloy specimens, 5/16 diameter fasteners of Ti-6A-4V

STA were used. Fastener details are contained in Table 27. The fastener selection with

respect to size and material was based on previous work reported in Reference 2.'

Reamed holes for a given specimen alloy had the some final reamed diameter, which was

J that required to produce a close-fitting fastener without interference. Where close-

tolerance fasteners were required, the fasteners were installed without prelood.

Cold-worked holes were produced using the process referred to as the "Boeing Split Sleeve

Method," in which a hole smaller than that required was drilled and then fitted with a

split, steel sleeve. A mandrel larger than the hole was then drawn through the sleeve to

cold-expand the hole to a larger diameter. The sleeve was then removed, followed by

reaming the hole to final size. Current practice allows from 0.004 to 0.010 inch of

9



diametrical increase by the final reaming operation. Different amiunts of cold work

are produced by varying initial hole size and'or mandrel size. Three different levels

of culd work were used, two of which were the sumu u,. the ones used in Reference 2.

These two were approximately 5 percent and 4 percent, jespectively. A lower value ot 2

percent was selected as the third level. This lowei level %as selected sice 5 percent

is approaching the upper limit of the process with respect to allowable thickness varia-

tion in the hole vicinity and probability of circumferential cracking in some alloys.

The detail dimensions of fastener holes during the cold-working operation are tabulated

in Table 14 which include the initial hole diameter, mandrel diameter, sleeve wall

thickness, diameter after relaxation and diameter after final rooming. In all cases this

split in the sleeve was oriented 90 degrees away from the crack zone. Where close

tolerance Fasteners were required, the fastener was installed without preload as was done

for the as-reamed holes.

The preparation of tapered holes was peIf -med using sta.daid cutteis designed ftw use with

the Taper-Lok fastener system. Final reaming was performed using a positive stop to

ensure uniformity in size from hole to hole. The hole was sized such that, with thefastener

installed, there was gripping area extending fror each side of the specimen. This was

required for cases specified to hove load transfer. Tile fasteners were first pushed into the

holes with finger-tight pressure. Installationi was thilaccomplishedusing nut torque while

monitoring axial movement with a dial indicator. When axial movement reached a value

equivalent to the desired interference level, no further torque was applied. The, nut was

then loosened to relieve preload followed by re-tightening to a nominally low value. Tile

dial indicator was monitored during this operation to ensure that no chqnge in interference

occurred. Three different interference leveis covering the range generally used in pro-

duction were employed for each material. These levels are defined in Table 15.

Since optical monitoring was to be performed during subsequent testing, in nmonv cases

the fastener heads were removed to enhance visibility of the test area. Since there was

no fastener preload involved in the program, this was considered to have no influence on

the results. In all cases a new fastener w-.,s used in each test hole iequiring a tastener,

4. PRECRACKING PROCEDURES

Precracking of holes was performed by applying constant amplitude axial fatigue loads

to thespecimens in electrohydraulic servo controlled fatigue machines. In the selection

10
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of precracking loads, specimen tost requirements were always considered to ensure that the
-!4 result of ptecrocking would ,not t..taid the crack growth undei the subsequent test conditions.

Thu 1rogium oncountpossed small, intermediate, and large initial crocks of two different

shapes: single symmetrical thru-the-;hickness cracks and single quarter-circular part-thru

cracks. Nominal initial sizes of these crocks were cas follows-

Small = 0.005 inch

Intermediate = 0.050 inch

Large - 0.150 inch

Various combinatiots of these initial crack sizes were produced for as-reamed straight shank

holes, cold-worked holes, and tapered [toles. For all thru-cracks, electrical discharge

machining (EDM) was used to produce fatigue starter slots. For the intermediate and

large sizes not requiring cold work, EDM was performed on the final reamed hole wall.

Where small cracks were required, EDM was performed on a pilot hole. The pilot hole

then was precracked to a length such that when the pilot was reamed to final size, the

desired small flaw remained. This procedure was considered necessary to produce

a short crack having reasonable symmetry througS-the-thickness.

EDM also was used to produce starters for the intermediate and large corner flaws.

Where cold workingwas not required, the starters were machined on the corner of final

reamed holes. The size of the EDM starter was controlled to allow approximately 0.020

to 0.030 inch of precrack to produce the desired initial crack size. Since control and

sharpness of the EDM are insufficient for the small corner flaws, an alternate method

was used to produce crack starters on finished holes. Sharp notches were diamond ground

in the hole edge at an angle of approximately 45 degrees. Grinding was accomplished

using a razor blade in a slurry of 5-micron diamond paste. The total length of the notch

was controlled to between 0.001 and 0.002 inch as measured on the surface. For all

Taper-Lok installations requiring corner cracks, the crack was located on the fastener

head side representing the largest hole diameter.

Where cold working was required, the crack starter was locatedi on the hole to be cold

worked, and precracking was accomplished prior to cold working. Initial precrack

lengths were controlled to compensate for the final ream after cold working. The amount
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of compensation required was determined during cold working of trial holes. All corner

cracks for cold worked holes were located on the mandrel entrance side which would be

the back surface with respect to the mundrel pull gun.

When precrocking multiple hole specimens, fatigue cycling was initiated with all holes

open or unfilled. All crocks did not initiate from the starters at the some time. The

foster growing crack or cracks were retarded by filling the holes. In this manner reasonable

control of initial crack size was accomplished.

5. TESTING PROCEDURES

5. 1 Tensile and Compressive Tests

Tensile and compressive tests were performed using the appropriate standards recommended

by ASTM. Testing was accomplished using a calibrated universal testing machine and exten-

someters were employed to measure specimen deformation under load in order to produce a tecorded

load versus deformation curve. For the tensile tests, these curves were determined to failure.

From these tests, F cy , F tu, and stress-strain curves were derived. Strain hardening

coefficients, percent elongation and percent area reduction were also determined.

5.2 Kc Tests

Triplicate fracture toughness tests were performed for one thickness for each alloy. Center

crack specimens were employed with the center crock being produced by fatigue from a

through-the-thickness EDM slot. Testing was accomplished using a universal testing machine

and the specimen was instrumented with a clip gage for recording crack opening displace-

ment. Kc values were derived using the stress intensity factor solution for a center crack

:1 in a finite plate and validated using F determined from the tensile tests.
ty

5.3 Failure Criterion Tests

The failure criterion tests for cold-worked holes were conducted in the some manner pre-

viously described for ti'e Kc tests. Specimens containing a single through crack emanating

hom level I cold-worked open holes were used in the tests.

5.4 Crack Growth and Fatigue Tests

The following procedures apply to crack growth and fatigue tests performed which include

da/dN tests, fastener hole crack growth tests with intentional flaws and fatigue tests on fas-

tener holes without intentional flaws.
12
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All crack growth and fatigue tests were performed usingelectrohydr oulic servo controlled

test systems manufactured by the MTS Syste.ms Cfvpo, ation. Loch system contained the

necessary elements properly integrated to control the servo loop, program loads, monitor

loads and perform failsafe functions. For constant amplitude tests, load monitoring was

performed using a system calibrated amplitude measurement unit. A sine wave function

generator was used to provide load command to the servo loop. Each test system was J

also interfaced to a digital computer which was used to provide load commands for the

fighter and bomber test spectra.

All four inch wide specimens were loaded through hydraulically operated grips and

the six-inch-wide specimens were loaded through fittings bolted to the ends. Specimens

subject to buckling under compressive loads were fitted with lateral support bars to provide

stability. These bars hod Teflon film on the specimen side to minimize friction and fretting

and were attached to prevent load transfer.

Where fastener load transfer was required, a beani arrangenment was used to load the fastener

in double shear as illustrated in Figure 6. The beams were connected to one grip through

load reaction columns, which were instrumented with electrical-resistance strain gages to

allow monitoring of load transfer. The effective stiffness of thebeamscould be vried toadjust

load transfer to the desired amount. The amount of load transfer was held constant to pro-

vide a ratio of far-field to fostenet bearing stress of approximately 1 .0. This corresponds

to a load transfer of approximately 10 percent for the aluminum specimens and 7 pelcent

for the titanium specimens. This amount of tastener load transfer typifies the fasteners

located at a sponwise splice in wing structuies, a s'ringer tun-out area, and 0 spat web to

spar cap joint. An overall view of the test arrangement is shown in Figure 7.

The test sections of all fatigue and crack growth specimens were enclosed in clear,

acrylic chambers to allow testing in dessicated air at ambient temperature, 70-80 ' F. The I
cyclic frequency was 10 Hz for all constant amplitude tests except the aluminum fatigue

tests which were cycled at 15 Hz. The cyclic frequency was varied with load layer in

he spectrum tests and ranged from 10 Hz for the low amplitude cycles to I Hz for the

high amplitude cycles. The cyclic frequency fo the do dN tests wus 20 Hz.

Crack length measuiments were made on one surface using optical techniques. Films

an d reference g ills uwere used in cijunction % ith mici encopes to provide measurement
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sensitivities of 0.0002 inch and 0.001 inch, respectively. For constant amplitude

tests, crack length measurements were mode while holding at the mean load level. I
Measurements were made while holding at the end of flight mean level during the

spectrum load tests.

If the for-field applied stress used in the constant-amplitude tests was maintained con-

stant for the testing of all hole conditions, direct comparisons could be made from the

test data. In order to grow a crack from a high level of interference or cold-worked

fastener hole within a reasonable test time, a relatively high far-field stress was re-

quired. However, if the level of applied stress were too high, cracks may grow too fast

at the open holes or close tolerance fastener holes with and without fastener load transfer.

Also, a relatively high far-field stress may create a large yield zone around such holes

which may affect the load redistribution and produce interactions between the cracked

holes. In order to determine the optimum load level to be used in the constant amplitude

load tests, several load levels were evaluated on through-crccked aluminum specimens.

The final maximum load used for all constant amplitude load tests was 18 ksi for 2219-T851

aluminum specimens and 40 ksi for 6AI-4V beta annealed titanium specimens. The applied

stress ratio, R = on/r ,ax
, was 0. 1. Those applied maximum stresses were about one-

third of the yield strength of each material. Marker loads were applied periodically during

the tests of the first two constant amplitude specimens by changing the applied load ratio

(R - 0.85) and cyclic frequency, but maintaining the some maximum test load. Since the

total growth band for the small and intermediate flaws was so narrow, the growth during

each marking was limited to a very small amount, 0.0002 inch to 0.0005 inch. These

marker loads did not produce a clear marking on the fracture surface. Therefore, no

marker loads were applied in the remaining tests.

For the spectrum load evaluations, test spectra typical for a fighter and bomber were

used. Table 28 defines the spectrum for the fighter and that for the bomber is defined

in Table 29. The fighter profile for a flight is shown in Figure 8 as programmed 6y the

Lockheed test system. Also shown is the sixth and eighteenth flight occurrerces of load

layers 65 and 66, respectively. The profile for the bomber is shown in Figure 9for astandard

flight along with the occurrences of load layers two and three. Layers 18, 28, and 29

were inserted in a similar fashion. These spectra were the same as those used in the

Reference 2 program.

14

-1



t

In addition to providing crack growth data, measurements of surface crack lengths

during testing were used to control the test with respect to intentiolly retarvding the

fost growing crocks and last termination. For lost termination purposes the small,

Intermiediate, and Io~ie flows were grown to approximately 0.050 inch, 0.150 inch

and 0.50 inch, respectively. Tests without intentibnol flows were either fatigue

tested to failure or testing was term inated when a natural crock was detected.

:1A
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SECTION IV

RESULTS AND DISCUSSION OF EXPERIMENTAL TESTS

The original test plan was established to extend the large flow evaluation program

reported in Reference 2 to Include small and intermediate flows. The original

plan included constant amplitude load tests, periodic overload tests and spectrum load

tests. Since data scatter was anticipated, especially for small cracks emanating from

inelastic regions, the periodic overload tests were replaced by the duplication of

constant amplitude load tests and spectra load tests to allow an in-depth understanding of

the growth behavior of small and intermediate cracks emanating from interference-fit

fastener holes and cold-worked holes.

During the course of the test program, it was observed that one of the cracks grew much

faster than the others in some multiple test hole specimens. During such tests, when

the data in the desired range hod been taken for the fastest growing crack, a small hole

(1/8" - 3/16") was drilled at the crack tip and a Toper-Lok fastener was installed in an

attempt to stop the growth of the fastest crack in order to collect more data from cracks

at the other holes. Upon recycling, in most of the cases, the specimen foiled at the section

containino the fastest growing crack before all the desirable data at the other holes could

be collected. To enhance the chance of collecting all the desired test data for those

specimens where the test holes hod not yet been prepared, the distribution of fastener-

hole conditions was rearranged. Even so, only limited success was achieved. Extra speci-

mens (those with specimen numbers ending in x)were defined to collect the desired test data.

The results of all tests ore presented in this section. Wherever possible, data scatter of dupli-

cate tests is shown and a comparison of the different types of fasteners and/or hole condi-

tions is described and discussed in detail.

I. MATERIAL CHARACTERIZATION TESTS

The mechanical properties of each test material are presented in Table 26. The ultimate

tensile strength, yield strength, and elongation (2 in. for aluminum and 1 in. For titanium),

respectively, were 67.4 ksi, 54.3 ksi, and 11.3% for aluminum, and 135.6 ksi, 126.5 ksi,

and 12.8% for titanium. The compressive yield strength was 58.4 ksi for aluminum and

138.2 ksi for titanium. Table 30summarizes theresults of the fracture toughness tests. The

apparent fracture roughness was 46.3 ksif/in. for aluminum, and 141.3 ksiJ/in. for
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tiltan ium. However, it should be stoted that the net section stes$ at Irocture (Of the

tltanium spec;mens exceeded 80% of the yield strength of the material.

The baseline crack growth rate data for the T-L direction at R 0. 1 obtained from the

constant amplitude tests Ore shown in Figure 10 for aluminum and in Figure II for titanium.

The threshold r'K obtained during the tests ranged fram 1 .03 to I .99 ksi %/in. fo.

aluminum and 2.77 to 3.69 ksi %' in..for titanium. The average threshold value of the

maximum stress intensity factor, (Kmax)th 0, was 1. 7 ksl v/ in. for aluminum and 3.7 ksi /in.

for titanium. The solid curves in Figures 10 and 11 are the least-square-mean lino repre-

sentations of all the data points shown. The curves ate used in the subsequent analytical-

experimental correlations.

2. UNFLAWED FATIGUE TESTS

2.1 Constont Amplitude Load Tests

The results of constant amplitude unflawed fatigue tests of aluminum specimens are contained

in Table 3. These results are also shown in Figure 12. For aluminum specimens, nine (9)

Out of eighteen (18) test holes fai!ed before any crack was observed. Two out of these nine

failed in the grip section. Cracks were detected in the other nine lest holes. These con-

sisted of five (5) single corner crocks, two(2) double corner cracks, one (1) embedded flaw, and

one (1) double comer ciock located on the same side of the fastener hole, Post-test examina-

tion on seven failure surfaces indicated that the Initial cracks (or origins) of these failures

were threecoitr cracks, three embdded crocks ,ind a surface crack away from the hole wall.

The typical shape and origin of a natural crock originating at a close tolerance fostene hole

land a natueal crack originating at the surface away trom an interference-fit hole are shown

in Figure 13. Both test holes have about l0percent fastener load transfer. Similar results fo,

titanium specimens are tabulated in Table 4 and also Figure 14. For titanium specimens, twelve

(12) out of eighteen (18) test holes failed before any croack was observed. One of these twelve

failed in the grip section. The six detected cracks included four (4) single corner cracks and

one (1) single and one (1) double thru crock. The number of cycles applied to each specimen

and the dimensions of the crocks observed at the time the test was terminated are also in-

cluded in the tables. Post-test examination on eleven failure surfaces showed that the

initial crocks of these failures were six corner cracks and five embedded crocks. Table 5

summarizes the initial cracks of all constant amplitude fatigue tests on both aluminum and

titanium specimens. From Table 5, it can be seen that for the fastener-plate combinations

17



considered in ihis progam, the corners of unloaded fastener holes cue the mst comimon

origins of natural crocks initiated due to fatigue, the shope of the observed natural cracks

being approximately quarter elliptical with the major and minor axes coinciding with the

hole wall and plate surface, respectively. The other common origins of natural crocks due

to fatigue cyclinp are the hole wall surfaces of holes filled with close tolerance fasteners

having fastener load transfer. The plate surface away from the hole for Interference-fit

fasteners is also a possible origin of natural crock.

For both the aluminum and titanium specimens subjected to identical loading conditions,

the interference-fit fastener hole hod the longest fatigue life. This may '.e because

a higher level of Interference (level 2) was used. The reason this level of interference N

was chosen is because it was the dominant one in the crock growth tests. For aluminum, the

coWd-worked hole shows a longer fatigue life than that of the close tolerance fastener hole.

However, for titanium, the fatigue life of the cold-worked hole is comparable to that of

the close tolerance fastener hole.

2.2 Spectrum Load Tests

The results of the unflowed fatigue tests for the 2219-T851 aluminum specimens subjected

to the bomber spectrum loading are summarized in Table 6 and Figure 15. Similar results

for the aluminum specimens subjected to the fighter spectrum loading ore also summarized

in Table 6 and Figure 16. Except for the reamed open holes, all test holes had fastener

load transfer. Six (6) out of ten (10) test holes subjected to the bomber spectrum loading

and five (5) out of eight (8) test holes subjected to the fighter spectrum loading foiled

before any crack was observed. The seven (7) observed natural crocks include two (2)

single corner cracks, two (2) double corner cracks, one (1) single thru crock, and two (2)

double thru crocks. These thru crocks were believed to have originated from embedded

cracks. Six out of eleven failure surfaces subjected to both the bomber and the fighter

spectra loading examined after the test showed that embedded flows appeared to be the

origin of such failures. The other five origins were at the corners of the fastener holes.

The initial crocks (or origins) of all spectrum fatigue tests on oluminum specimens ae
summarized in Table 7. As seen from Table 7, both the corners and the hole wall surfaces

of the fastener holes were the most common origir& of observed natural cracks initiated due

to spectrum fatigue tests.
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The typical surfaces of natural crocks originating of a coe toletance fastener hole sub-
jected to the bomber spec trums and cold-worked hales subjec ted to both the bomber and

fighter spectra ore shown In Figure 17. Table 6 Indicates that for specimrens, having

ubout 10 percent fastener load transfer, the level 1 cold-worked holes show fatigue

lives coknparoble to those with close tolerance fastener Wots. The test results of the

some aluminum specimens subjected to 18 W~s constant amplitude loading (Table 3) indi-

coted that the fatigue lives of the level I cold-worked holes witlh fastener load transfer

were longer than those with close tolerance fastener holes having the some amount of

fastener load transfer. Even longer fatigue lives were observad for the interference-fit

fastener holes. This is portiolly because a higher level (level 2) of interference was

used in the test progran.,

Similar fatigue test results on 6At-4V beta annealed titanium specimens ore summarized

In Table 8 and figure 18 for the bomber spectrum loading and in Table 8 and Figure 19

for the fighter spectrum loading.

Six (6) out of twelve (12) test holes subjected to the bomber spectrum loading and five (5)

ou~t of eight (8) test holes subjected to the fighter spectrumn loading failed before ally crocl,

was detected. All observed natural cracks due to the bomber spectrum loading were either

single or multiple corner cracks. The three observed cracks due to the ighter spectrumI
loading included two (2) single corner cracks and or* (1) doulde tive crock. This double I

thru crack was found to hove originated from a double embedded crock. Post-test examina-

tion on eleven failure surfaces indicated that the - ible initial cracks (or origins) of these

failures were nine corner cracks and two embedded cracks. Table 9 summarizes the initial

cracks of all spectrum fatigue tests an titanium specimens. As seen from Table 9, theA

corners of the fastener holes ore the most common origins of natural cracks initiated due to

spectrum fatigue. FRom Table 8, it con be seen that the interfeience-fit fastenver hales con-

sistently gave longer fatigue lives than other types of tested holes. Level I cold-worked

hales having fastener load transftw showed fatigue lives which were comparable to those for

{ the same type of hates without cold working when they were subjected to the bomber spec-

trum loading. However, when the level I cold-worked holes were subjected to the fighter

spectrum loading, their fatigue lives were significantly %hotter than those for close tolerance

fastener holes without cold working.
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3. CRACK GROWTH TE$S

Theresultt ofi the ptavkth of Intentional flows tested on both 2219-TOSI aluminum and

6A-ybola diinvoled ti-tanium raoterials arie p tosnted and discussed in dts section. for

each matrial the results were obftined for , toibiotlon of the following voiales.

1) Loading ptofile: Coetboit amplitude, bomber spec-trum, and fightrt spectrum

2) Hole condition: Open, close tolatonce, intefference-fit, and cold-wotked

3) Fostionar load:, *;If and with~out fastener load transfer

4) Level of interferenice or Pold working:- three eacht

5) Initial crack shape: quartet-olliptical corner cracks, and through-the-thickness

c I (c L

6) lnitiol crack size. finiall, intetmediate, and large.

Sinceeachspec~~-on contained dfferenit fastener Weli conditions will, difteflynt i'tllf crac

te~h~~~diiet comptitisri" of tile leilts ILV tile $tie type t specimien mny (lot be meon-,

ingful. Thelefire, key exper imentol rcsults ore rearrangieJ and nolmolized to the sonle

initial crack lengjth occorditV to each fastener hole condition.

Owhrever possible, data scatter of duplicate tests are sOwn and tile effects Of tile k"~

variables oire isolt:fiJ orn described In dotail.

3. 1 Cotanrt Arili tide Loadi Test-,

2219-T851 Alumtinum Ccrnet Crack Tests - Tle results of thle coriler clock tests tor tile 22h1 -

T8 5 I olumm~unm specintens ate shvnin Fiokures 20 th:,X41 25. 1 410 A) shom~s file Vmwth

behavior of small corner cracks front open holes and close toler-ance fastenrw 11ides

with amd without fasioner load transfer in alumim plates sub jectoj to IS kLs constant

amplitude fat-.ljeld loading. Tile diffeitences t~erweeji thte %,Ales of thle solid awni open mvilbols

represent tile daoto scottel~~ie hoin t%%oduplicate te .ts. Tile jxiir ot nunbers silowni ilsidle

thle parentheses ot thle end of eoch set of dakta represtii tile tinal lengths of thle ci ock . The

first rinber 'carrespondis to tile cra'k lengt9.0on tile -Je~ l, and thle sc'N. na1mliv

c;CAresponjd$ to thle jell,1nil on, thet plaote sum tac c, c. Tiewe % olves %~ e u ed t1 fithe

CrIack Sur f (Wes 'A hich % efo oienrd offter testing. The tinol liontths of sorme lost tit -ioil crcks

could iv~t be measuredJ l;,coL'se thle c-ock sum faces 4-,etv dtst: o~ed m-hen the jxoth o'f these

cracks N-.as ineni enl owed in on attempt to collect in,%e %iato tim ~ilte slamei ~in
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cracks in the same specimen. As seen from Figure 20, the growth rate at the hole having

fastener load transfer is coiderably higher than the growth rates of the other holes. The

growth rates are about the some at an open hale and close tolerance fastener hole without

fastener load transfer. Growth characteristics of intermediate corner cracks for three dif-

freni levels (0.0024, 0.0038 and 0.0060 inch diametral) of Interference for interfrence-

fit fastener holes ore presented in Figure 21. Based on the limited final flaw shapes obtained

in the experimental program, it was found that the final flaw shape of oil corner cracks ema-

noting from intrference-fit fastener holes without fastener load trans(er was very close to

quarter circular. In other words, the crack growth rates along the hole wall and the plate

surface were about the same. However, with fastener load transfer, the crack growth rate,

along the plate surface becomes higher than that along the hole wall as reflected in the

final dimensions shown in Figure 22 and Table 31. One may conclude, from Figures 21

and 22, that the test data scatter obtained from the tests of crack growth from interference-

fit fastener holes is very large. The average data trend, however, indicates that the higher

the amount of diometral interference, the slower the fatigue crack growth rote. The crock

growth rote does n ot show any significant change when about 10 percent of the for-field

applied load is reacted through the fastener. Figura 23 shows the similar growth behavior

of intermediate corner crocks from various types of 2.2 percent cold-worked holes. Theie

is no significant difference In the growth rate at cracked cold-worked open and close

tolerance fastener holes. However, with fastener load transfer, its associated growth rate

is higher than that of unloaded holes having the same amount of cold-working. The final

flaw shape of comer crack emanating from cold-worked holes is very similar to that of

straight reamed holes without cold-working. Figure 24 compares the growth of intermediate

corner crocks from various levels of cold working. The detail dimensions during the cold-

worked operation have been given in Table 14.

Figure 25 shows a comparison of the growth behavior of intermediate corner cracks from

various types of fastener holes in 2219-T851 aluminum alloy plates subjected to 18 ksi

constant amplitude loading. The datu shown for the interference-fit fastener holes is the

fastest growing one of duplicate tests, In general, with the ipeconditioning of a fastener

hole, such as diametrical interference or cold working, the crock growth rate is significantly

lower than that of a straight reamed hole without preconditioning. The growth rote on the

plate surface of a cold-worked hole is much less than that of an interference-rti fastener

hole.
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Ajothe ilmpmfolit -selvation lnvolvy the chanige in floYw shopes d'urng the gro ,th of

Cornev cracks. Ft c straight re.med Ihole wth ot without cold wotking, the final dimen-

lion on the hole wall is olmott always larger than the final dimension on the plate surface,

especially for the cold-worked holes wesenfrd in Fij.,to 26, which shows the ttpkol suttees

of coner crocks emanating from a level I cold-woiked open hole and level I cold-waked

close tolerance fastener Ile$ with and without fattener load transfer. Far interference-

fit fastener holes without fastener load transfer, the final flow shape is close to quartot

circular. Far interference-fit fastener holes having fastelon load trnsfet, the ti tl dirlen-

sion on the hale woll is less than that on the plate surface.

2219-T851 Aluminum Thru Crack Tests - Duri 3 the course of selecting the optimum far-

field stress to be used in the constant amplitude load tests, e6acit of N osec iv--s con tai i

small thru cracks at three dfferent types of straight reomed holes (open, close tolerance

with and without fastener load transfer) were loaded at R - 0. 1 and. m 21 and 24 ksi,moax

respect.,ely. The t-sults of these tess ate shown inFigure i. Vilien the firstspecimen w aI

loaded at 28 kii, the crac- at on open hole grew significantly slower than tite one located

at the close tolerance fastener hole without oving fastener lood transfer. This was

somewhat unexpected. It is suspected that the high applied load created largeyield

zones arouno the test holes which may have affected the load redistribution

and produced interactions between cracked holes. When the second specimen was

loaded at '24 ksi, the pattern of crock growth was what one would anticipate based

upon a linLOr uroli.sis. Ho%%e, et, there is still si-eable I elding iarond each test hole.

To avoid such pastic;l, effects and ofter tie examination ot both tile fighter on rki ntmbet

spectra the maximuml root-nean-square stress ot the 6ighte nd . nIo. spectra ore

14.18 and 17.84 ksi, respectively), 18 Lsi was chosen as tle for-field stress for all

constant omplitude load tests for aluminum specimens.

The results of the constant amplitude load tests for the thre crocked aluminum specimens me

shown in Figures 28 through38. Figure 28 sho,s that the c1 ack at a loaded fastener hole grew

much slower than that of on open hole and unloaded close tolerance fastene hole. After

the test, it was f nd that the fastener used iii the Ne-holo specimo containing the looded

fastener tole (specimen no. A-CA-30) gav'e a much tighter (it than %as expectri o te !*eat-

fit fastener hole. Due to this small amount of interference, its associated growth rate %&s

reduced significantly.
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Figure 29 shows the growth behavior of small thru-cracks emanating from three interference-

fit fastener holes in a 2219-T851 aluminum specimen subjected to 18 ksi constant ampli-

tude loading. The levels of interforence were 0.0024" and 0.0038" with and without

fastener load transfer. This specimen was designed to generate growth data over the

range of small to large flaws. As can be seen from this figure, after 70,000 of the

mot. than one-quarter million cycles were applied, all specimen flaws experienced

practically no further growth. The initial growth increment shown may occur only on the

surface due to the tunneling of the crack front during precracking and installation of

an interference-fit fastener. This specimen was recycled later and after 770,000 cycles

were applied, no crack extension was observed in any of the three holes. At 810,000

cycles, a crack at the 0.0024-inch interference-fit fastener hole grew to 0.55" on one

surface of the plate but not on the other surface. At 822,000 cycles, it became a uni-

form thru crack and the specimen failed at 835,500 cycles while the cracks at the remain-

ing two holes showed no growth at all. The results of the corresponding unflawed fatigue

tests are also shown in the figure. It is believed that the effective maximum stress in-

tensity factors at 0.0038" interference-fit fcstener holes are below the threshold Kmax"

Therefore, these two test holes behaved like those of fatigue tests without intentional

flaws.

Figures 30 and 31 compare the growth behavior of intermediate thru cracks from interference-

fit fastener holes for three different levels of interference in 2219-T851 aluminumalloy plates

subjected to constant amplitude 18 and 21 ksi far-field loadings, respectively. There

were no significant differences in fatigue crack growth rates as a result of the intro-

duction of the different diametrical interferences.

The growth behavior of intermediate thru cracks from level 3 interference-fit fastener

holes in aluminum plate superimposed on the corresponding growth behavior for small 1hru

cracks is shown in Figure 32. The transition from small thru cracks to intermediate thru

cracks appears to be very smooth.

Figure 33 typifies the growth behavior of a small thru-crack emanating from a cold-

worked hole. Fromthisfigure, it can beseentthat the growth of the crack is far from uniform

through the thickness of the plate. The crack grows much faster on the entrance side of

the mandrel. In most cases, the crack growth on the exit side of the mandrel is completely

retarded due to cold-worklng. The growth pattern of a small thru-crack emanating from a
23



cold-worked hole is very similar to that of a corner crack with it very likrge ti, c rat jo. This

pheniorrown was not observed in tests of large thru cracks emanating fromt cold-worked

hales. One p~isble explanation is that, d4uringj thle cold-working operation, tile lip of

the sleeve is pulled up agcinst the edge of the hole on the exit side of the mandrel by

the cold-working gun. Suoch an operation priices a higher than nominal residual Cori-

pressive strless in thle area whire thle l ip t flt, sleeve mankes contact -%ith thle platle. For a -

snial it', flow, thle Crack tip falls Within this oteu. Tici efose, thle clock kr owth is retarded
ol thle exit side ot the maondrel. I-or a longe, crack, the crock tip is locoted outside tile

affected region and the crack grows more or less uniformly through the thickness.

Figures 34 and 35 show the gro)wth behavior of intermediate thru cracks fion i 2. 2'0, cold-

t~oi ked open holIe and 2 . 2"o. cold -m clr ked clIose toler at ice i t tiner haI les %with and wVI thout tastenIe I

loaid haonster in aluvirntn) alloy plates subjected to 18 ksi tar-field loaditig. SiMilot resuilt,

for large initial cracks are presented in Figure 36. From Figures 34 through 36, one J

can see that the growth of a thrit crack emanating fromt a 2.2"o cold-wottked open hole is

slightly slowet than thle ccorresponding growth ft-am th'epndn colci-%voilked holle having

o c lose tolerance fastenor-. The effect of flt, 10%1 tastoner loa-d ti anstr'r a.n clack ot

Idecs eases with intci nq cilock lengths. Whsen the s tok Ienith is heyond 0. 15", thle I cxxd

transfer effect is completely nlighible.

figure 37 compares thle growth totes of loigje thrit crocks tram 2.2%1., 3.6"o andk 5.4J%, cold-

worked otvn holes. As seen, thle higher thle level of cold working, fihe sl1ower thle

fatigue crack growth rate. Figure 38 piesents ucomoi isas at thle growthi behti~v

of at a je thin clack. aa o xs tipes ot fastener hoies in 2219-1851 o Ik IIisn. 111 01l, plates

4subjected to 1S its, constant amllplitilde loadirip.

6,' --V &u AineiedTitanium Cor-ne, Ci ack Test, - Thle insults of titanium coiner -

ciackedspeciniens tested under constanntamplitude 40ksi tat -field loading(iepentdn

Figures 39thirouqh44. Figurie 39 shows thle PlOwth biehavior of small cornlea clacks fromt on

openl and cloase tolet once fastener holes. The exper iniental data scatter of two duplicate

tests foi the open hole specinienlooks fairly lag.However-, most of flhedifterenice occuls 4n

thle region of smiall crack length only. When the crack length extends It ow small to inter -

mediate size, such scatter becomes very small and thle growth behavior is exactly what

one %would expect from thle linear elastic fracture mechanics tx-)int of view, i.e. . a clock

at a loaided faistener hole tnr% fow ster thanl thle c oiespond ursponles ait kil open hole aid %In til-
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lxided close toletance fastener hole as shown In figure 40. Figure 41 shows the growth

patterns of intermediate corner cracks from three different levels of diametrical interference

(0.0034", 0.0042" and 0.0050") in titanium plate. Based upon surface measurements

* and the final crack dimensions measured from the opened crack surfaces, one may conclude

that the level of interference (between 0.0034" and 0.0050") does not have a significant

influence on the crack growth from interference-fit fastener holes. This phenomenon has

also been observed for the aluminum materiul. The effect of fastener load transfer on the

growth of intermediate comer cracks from 0.0042" and 0.0050" interference-fit fastener

holes is shown in Figure 42. As can be seen, with fastener load transfer, the growth of

the crack is slightly.slower on the plate surface. The some behavior was observed in the

test of aluminum specimen A-CA-3. Results for intermediate corner cracks

emanating from 1 .6% cold-worked holes with various types of fastener-hole conditions are

*1 shown in Figure 43. With fastener load transfer, the crack growth rate is higher as antici-

pated. Cracks at cold-worked open holes .rew practiolly at the same rate as their counter-

parts in holes with the sonle level of cold work but filled with close tolerance fasteners.

Similar to the alurninum material, all titanium corner crack test holes were opened after the

tests and the final dimensions (both surface and hole wall) of the cracks were measured.

These measured values have been included in the appropriate figures. The final crack

lengths at all the available test holes, which include both aluminum and titaniumr materials,

are also tabulated in Table 31.

One unique feature observed from Table 31 is that for almost all interference-fit fastener holes,
the final dimension on the surface is consistently larger than the corresponding one on the

] hole wali. However, for cold-worked and straight reamed holes, the final crack length

on the surface is smaller than the corresponding one on the hole wall.

* Figure 44 compares the growth behavior of intermediate corner crocks from various types

of fastener holes in 6AL-4V beta annealed titaniun alloy plates subjected to a constant

amplitude loading at 40 ksi and R -0. 1. As seen from the fiture, the growth of a corner I
crack is the slowest at an interference-fit fastener hole, followed by a cold-worked hole,
close tolerance fastener hole and open hole.
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6At-4V Beta Annealed Titanium Thru Crock Tests - The experimental results for the

titanium thru crack specimens tested under 40 ksi constant amplitude loading and R 0.1

are presented in Figures 45 through 52. Figure 45 shows the growth characteristics of small

thru cracks from an open and close tolerance fastener holes with and without fastenier load A!

: transfer in 6A-4V beta annealeS titanium alloy plates. As previously mentioned, the

amount of fastener load transfer was chosen so that the ratio of the resulting bearing stress

and the far-field applied stress was about 1.0 Therefore, the percentage of the applied
load which was transferred thiough the fastener was dependent upon the fastener hole diom-

eter and the width of the specimen. For a 4" wide specimen, the amount of load transferred

through the fastener was about 10% in each loaded aluminum specimen and 7% in each

loaded titanium specimen due to the difference in hole diameters. Therefore, the effect of

fastener load transfer on the crack growth rates in the titanium specimens was not as severe

as In the aluminum specimens. This is reflected in the results shown in Figure 45. Figure 46

shows the growth of small and intermediate thru cracks from levels I and 3 (0.0034" and

0.0050") interference-fit fastener holes in titanium plates subjected to 40 ksi constant ampli-

tude loading. For crack lengths larger than 0.05 inch, the growth rates are practically the

same for both levels of interference-fit fastener holes. Figure 47 shovs the growth behavior

of small thru cracks from level 2 interference-fit fastener holes with and without fastener

load transfer in titanium plates. The results of these tests indicate that the crack growth rate

decreases considerably with fastener load transfer. After reexamination of the test records,

it was found that both load transfer specimens (T-CA- I I and T-CA-I 2), each containing

three interference-fit fastener holes (see Table 15), failed in the grip section. Because of

the damage in the grip section, the effective load tne crack tip experienced could be far

less than planned, resulting in much slower crack growth. The crock growth rates of level 2

interference-fit fastener holes without fastener load transfer are very comparable to those

shown in Figure 46 for levels 1 and 3 interference-fit holes.

The results of the constant amplitude tests for the titanium specimens containing thru-cracked

cold-worked holes are presented in Figures 48 through 52. Figure 48 shows the crack growth

of six thru cracks from level 1 cold-worked open holes in titanium plates subjected to 40 ksi

constant amplitude far-field loading. The initial crack lengths used in these tests included

small, intermediate and large cracks. The origins of each data set having initially inter-

mediate and large cracks are-so located that the estimated time required to grow the crack
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from small initial size to the largest crock length obtained during these tests will be can-

servotive. Similar results for thru cracks from level 1 cold-worked close tolerance fos-

tener holes with and without fastener load transfer are given in Figures 50 and 49, respec-

tively. As seen from Figures 48 through 50, the effect of initial crock size on the growth

behavior of thru cracks from various types of level 1 cold-worked holes is fairly small.

For a neat-fit hole having fastener load transfer, the crack grew somewhat faster than the

corresponding crack at a neat-fit hole without fastener load transfer. However, the

crock at an open and neat-fit cold-worked hole shows practically no difference in growth

rate. Figures 51 and 52 show the growth behavior of thru cracks for two higher lovels of

cold working for open holes. For a large initial crock, the growth rate of the first small

increment of growth is considerably smaller than the corresponding growth rate extended

from a small initial crack. This growth characteristic was not observed in the tests of the

lowest level of cold-worked holes.

3.2 Bomber Spectrum Load Tests

2219-T851 Aluminum Corner Crock Tests - The results of the corner crack tests for the

aluminum specimens subjected to standard severity bomber spectrum loading are presented

in Figures 53 through 60. Figure 53 shows the growth behavior of small corner crocks from

an open hole and close tolerance fastener holes with and without fastener load transfer.

Similar data obtained from the testing of large initial cracks reported in Reference 2 ore

also included in the figure. These large crack data extend the small crock data generated

under this program quite well. As anticipated, the crack grew faster from the loaded fas-

tener hole than those from an open hole and close tolerance fastener hole without fastener

load transfer. Figure 54 compares the crack growth of intermediate corner cracks for three

--1 different levels of interference-fit fastener holes in 2219-TB51 aluminum alloy plates sub-

jected to the bomber spectrum loading. The levels of diametrical interference used in the

bomber spectrum load tests ore exactly the same as those used in the constant amplitude

load tests. Two data points reported in Reference 2 from the testing of a large corner

crack emanating from a level 2 interference-fit fastener hole are also included in Figure

54. The trend of the data clearly shows that the larger the amount of interference, the

slower the fatigue crack growth rates. Figure 55 shows the effect of fastener load transfer

on the crack growth behavior of intermediate corner cracks from level 2 interference-fit
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fastener holes in aluminum specimens subjected to the bomber spectrum loading. One

set of test data generated in Reference 2 is also shown as solid star symbols in the figure.

The growth characteristics of intermediate corner cracks from various types of level I

cold-worked holes in 2219-T851 aluminum alloy plates subjected to the bomber spectrum

loading are shown in Figure 56. The crack at the loaded cold-worked hole grew the

fastest, followed by the neat-fit cold-worked hole and then the cold-worked open holes.

A similar trend was observed in the constant amplitude tests of cold-worked fastener

holes. Figure 57 compares the crack growth of intermediate corner cracks from level 1

and level 2 cold-worked open holes. Comparisons of the growth behavior of corner

cracks from two different levels of cold-worked open holes and compatible levels of

interference-fit fastener holes are shown in Figures 58 and 59. Considering the scatter

of experimental test data, the growth rates are practically the some for intermediate

corner cracks from the some level of cold-worked hole znd interference-fit fastener hole.

These growth rates are slower than the corresponding rates at straight shank reamed holes

without preconditioning as given in Figure 60.

2219-T851 Aluminum Thru Crack Tests - The results of the tests for thru-cracked aluminum

specimens subjected to the bombe: spectrum loading are given in Figures 61 through 69.

Figure 61 shows the growth behavior of small thru cracks from an open hole and close

tolerance fastener holes with and without fastener load transfer in aluminum plates sub-

jected to the bomber spectrum loading. The growth of intermediate thru crocks from .

interference-fit fastener holes for three different levels of interference is shown in Figure

62, in which the growth of a crack at a level 3 interference-fit fastener hole grew some-

what faster thor the corresponding crack at a level 2 interference-fit hole obtained from

a different specimen. Figure 63 compares the crock growth of intermediate thru cracks

from level 2 interference-fit fastener holes with and without fastener load transfer.

* Figures 64 through 66 present the results of five similar tests on aluminum specimens con-

taining level 1 cold-worked open and close tolerance fastener holes with and without

fastener load transfer, respectively, subjected to the bomber spectrum loading. Data

scatter is largest when fastener load transfer is present. In general, for a same type of

fastener-hole condition, data scatter increases with decreasing initial crock length. The

growth rates for cracks originating at cold-worked open and close tolerance fastener holes
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are practically the some, while cracks at loaded fastener holes have faster growth rates.

Figure 67 compares the crack growth of large thru cracks from three different levels of

cold working for open holes in 2219-T851 aluminum alloy plates subjected to the bomber

spectrum loading. As seen from the figure, when the level of cold working increases,

the crock growth life increases. The crack growth of intermediate thru cracks from

level 2 interference-fit and level 2 cold-worked holes are compared in Figure 68.

Figure 69 summarizes a comparison of the growth characteristics of small thru cracks from

various types of fastener holes in 2219-T851 aluminum alloy plates subjected to the

bomber spectrum loading. It is clear that both cold working and diametrical interference
have offered a significant benefit by retarding the fatigue crock growth under the bomber

spectrum loading, especially when the crock length is less than 0.15 inch.

6AI-4V Beta Annealed Titanium Comer Crack Tests - Figures 70 through 76 show the growth

behavior of corner crocks from various types of fastener holes in 6AI-4V beta annealed ti-
tonium plates subjected to the bomber spectrum loading. During the testing of specimen no.

T-BS-1, which contains an open hole and close tolerance fastener both with and without :1
fastener load transfer, the crack at the loaded close tolerance fastener hole grew much ii

faster than the other two holes after the crack extended from 0.01 inch to about 0. 1 inch.

The test results of large cracks reported in Reference 2 are also included in Figure 70 for
straight reamed holes and in Figure 71 for level 1 (0.0034 inch diametrical) interference-

fit fastener holes. Figure 72 compares the growth behavior of intermediate corner cracks

from interference-fit fastener holes for three different levels of interference in titanium

alloy plates subjected to the bomber spectrum loading. As seen from Figure 72, the

cracks for the two higher levels of interference grew much slower than the corresponding

crocks for the level I interference which showed a large amount of data scatter. The
results of duplicate tests for intermediate corner cracks from level I cold-worked open

holes and close tolerance fastener holes with and without fastener load transfer are shown

in Figure 73. The cracks grew fastest for the loaded fastener holes. The cracks at the

cold-worked open and close tolerance fastener holes without fastener load transfer showed

comparable growth rates. When the amount of cold working increases, the fatigue crack

growth rates decrease. This is reflected in Figure 74, which shows the growth of inter-

mediate corner cracks from cold-worked open holes for three different levels of cold work-

ing in titanium alloy plates subjected to the bomber spectrum loading. Comparisons of the
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crack growth behavior of intermediate corner cracks from the comparable cold-worked

holes and interference-fit fastener holes ore shown in Figures 75 and 76. In general,

data obtained from the testing of crocks from interference-fit fastener holes show a

larger amount of scatter than data for cold-worked holes.

6At-4V Beta Annealed Titanium Thru Crock Tests - The results of the thru crock tests for

titanium specimens subjected to the bomber spectrum loading ore presented in Figures 77

through 84. Figure 77 shows the crock growth behavior of small thru crocks from an

open hole and close tolerance fastener holes with and without fastener load transfer in

6Ad-4V beta annealed titanium alloy plates. Figure 78 compares the growth behavior of

intermediate thru cracks from both level 2 and level 3 interference-fit fastener holes.

The test data show that the cracks at the higher level of interference grew slower than the

corresponding cracks at lower level of interference. Specimen No. T-BS-10 contained

intermediate thru crocks at three level 2 interference-fit fastener holes. One of the

holes hod fastener load transfer. When this specimen was subjected to the bomber spec-

trum load, the crack at the loaded hole grew slower than the cracks at the other holes,

as illustrated in Figure 79. The other two test holes show practically no difference in

growth rates. Figures 80 to 82 show the results of four similar tests on titanium specimens

containing small to large initial through cracks at a level 1 cold-worked open hole and

close tolerance fastener holes with and without fastener load transfer, respectively. The

data scatter is relatively small in comparison to that of interference-fit fastener holes.

From these three figures, one can see that the cracks at the cold-worked holes having

fastener load hatisrer grew Fo.sli thn the corresponding cracks at the cold-worked open

holes, while the cracks at the neat-fit cold-worked holes grew the slowest. The growth

behavior of large thru cracks from three different levels of cold working in titanium plates

subjected to the bomber spectrum loading is shown in Figure 83. The trend of the crack

growth behavior is exactly as anticipated, i.e., the higher level of colI working results

in the slower fatigue crack growth rates. Figure 84 compares the growth of intermediate

thru cracks from level 2 cold-worked open holes and level 2 interference-fit fastener

holes in titanium alloy plates subjected to the bomber spectrum loading. The growth rates

for these two different types of preconditioned fastener holes are practically the same.

3.3 Fighter Spectrum Load Tests

2219-T851 Aluminum Corner Crock Tests - The results of the tests for the aluminum corner

crocked specimens subjected to a standard severity fighter spectrum loading ore presented
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in Figures 85 through 89. Figure 85 shows the growth behavior of small corner crocks

from an open hole and close tolerance fastener holes with and without fastener load trans-

for. Data obtoined from the testing of initial large corner cracks reported in Reference 2

ore also included in the figure. The growth rates of the crocks at the open hole and the

close tolerance fastener hole having about 10% fastener load transfer are about the some,

while the crock at the close tolerance fastener hole without fastener load transfer shows

significantly slower growth rates then the other two. Figure 86 shows the crock growth

behavior of small and intermediate corner cracks from interference-fit fastener holes for

three different levels of interference in aluminum plates subjected to the fighter spectrum

loading. These test results include two intermediate corner cracks from level 2 inter-

ierence-fit fastener holes hoving about 10% fastener load transfer. As seen from this

figure, the higher the amount of diametrical interference, the slower the fatigue crock

growth rate. Also, a small amount of fastener load transfer results in faster growth rates.

Figure 87 shows the growth characteristics of intermediate corner crocks from various types

of level I cold-worked fastener holes in aluminum plates subjected to the righter spectrum

loading. Figure 88 compares the test results of intermediate corner crocks from level I

cold-worked holes and level ) interference-fit fastener holes. The growth rates obtained

from the tests of crocks at these two different types of preconditioned fastener holes ore

approximately equal. However, these growth rates ore considerably slower than the corre-

sponding rates at straight reamed open holes as shown in Figure 89.

2219-T851 Aluminum Thru Crock Tests - The results of the tests of aluminum thru crock

specimens subjected to the fighter spectrum loading ore presented in Figures 90 through 97.

Figure 90 shows the growth behavior of intermediate thru crocks frcm an open hole and

close tolerance fastener holes with and without fastener load transfer. The cracks at the

open hole and unloaded neat-fit fastener hole show practically the same growth rates,

while the crock at the looded neat-fit hole grew much faster than the others. The crock

growth behavior of intermediate thru cracks from interference-fit fastener holes for three

different levels of interference in aluminum plates subjected to the fighter spectrum load-

ing is shown in Figure 91. When the amount of diametrical interference increases, the

fatigue crck growth rates decrease rapidly. The data scatter obtained from the tests of

four level 3 interference-fit fastener holes is fairly large s con be seen from Figure 92.

Similar results obtained from five separate tests of initially small to large thru crocks from

various types of level 1 cold-worked holes are shown in Figures 93 through 95. In general,
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this data scatter is considerably larger than that from all other tests. After the testing

was completed, the crock surfaces were opened. Typical markings on the crock surfaces

are shown in Figure 96. Based on the examinotion of the fiacture surfaces, It is believed

that, when the initial crock length is small (well within the residual compressive zone

resulting from cold working the hole), the influence of the residual compressive stresses

is stronger than the retardation effect created by the tensile overload during the applica-

tion of the fighter spectrum load. However, when the initial crack length is large, some

acceleration occurs during the first few increments of crack growth, followed by slower 4

growth. The markings of the crack surface for the initially large crack (Figure 96)

clearly show that the spacings of the first three markings, corresponding to the first three

blocks of flights of the fighter spectrum loads, are wider than the subsequent cnes. Each

block consists of six flights. After the application of the first 18 flights, the retardation I

effect due to the high overload plays more and more an important role than the residual

compressive stresses created during the cold working operations. After the first few incre-

ments of crack growth, the subsequent growth of the crack becomes stable, and the growth

behavior is more or less what one would anticipate. Such growth behavior was not ob-

served during the bomber spectrum load tests. This may be because the fighter spectrum

has a higher overload ratio than that of the bomber spectrum. Figure 97 shows the growth

behavior of small thru cracks from three level 2 cold-worked open holes in aluminum speci-

mens subjected to the fighter spectrum loading.

6At-4V Beta Annealed Titanium Corner Crack Tests - The results of the corner crack tests J

for 6A -4V beta annealed titanium alloy plates subjected to the fighter spectrum loading

are presented in Figures 98 through 102. During the testing of specimen T-FS-1, the crock

at the loaded close tolerance fastener hole grew much faster than the crocks at the other

two test holes. The specimen failed through the first test hole before enough data could be

obtained on the other test holes. The results of this test are shown in Figure 98. Figure 99

shows the growth behavior of intermediate corner cracks from interference-fit fastener

holes for three different levels of interference and Figure 100 shows similar results of inter-

mediate corner crocks from level 2 interference-fit fastener holes with and without fastener

load transfer in titanium alloy plates subjected to the fighter spectrum loading. The data

presented in these two figures show a fairly large amount of scatter and no consistent rela-

tionship can be established between the level of interference and its associated fatigue

crack growth rate. Test results obtained from the testing of ccner crocks from various
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cold-worked fastener holes are shown in Figures 101 and 102. For the ste level of

cold working, the crack at a hxoded hole grew consistently faster than the corresponding

cracks at on apon ho* arW unloaded neat-fit hole, The results shown in Figure 102

indicate that, when the amoun, of cold working increases, the associated fatigue crack

growth rates decrem.

6At-4V Beta Annealed Titanium Thru Crock Tests - Figures 103 through 109 present the

results of thru crack tests on titanium specimens subjected to the fighter spectrum loading.

Figure 103 shows the growth behavior of small thru cracks from an open hole and

close tolerance fastener holes with and without fastener load transfer. After the opplicotion

of 325 flights on specimen T-FS-9, which contained three interference-fit fastener holes

having initially small thru cracks, all threecrocksshowedpractical y no growth. It is believed

that the maximum effective stress intensity fectors for these small crocks was below the thresh-

old Kmax Figure 104 compares'the crock growth of Intermediate thru cracks from level 2

Interference-fit fastener holes with and without fastener load transfer, while Figure 105

presents the results of four tests of small to intermediate thru-cracks from level 3 inter-

ference-fit fastener holes in titanium alloy plates subjected to the fighter spv.irum loading.

Tte crock growth behuvior of small to large initial cracks from level I cold-worked holds

in 6A,-4V beta annealed titanium olloy plates subjected to the fighter spectrum loading

is shown in Figure 106 for open holes and in Figures 107 and 108 for close tolerance fas-

tener holes with and without fastener load transfer, respectively. The amount of doto

scatter is large, but it is not as large as the scatter obtained from the fighter spectrum

loading tests on the aluminum specimens. Figure 109 shows the growth behavior of inter-

mediate thru cracks from two level 2 cold-worked open holes. By comparing this figure

with Figure 106, it is clear that increasing the amount of cold working leads to substan-

tially slower growth rates.

4. FRACTURE TESTS OF FLAWED COLD-WORKED HOLES

A failure criterion which could accurately predict the failure of flawed structures would be o

useful engineering tool for the evaluation of structural integrity and the selection of materials.

Linear elastic fracture mechanics provides a one-parometer failure criterion, K , for crocked

structures with small-scale yielding. However, for a crack emanating from a cold-worked

hole, due to the presence of the large plastic strains induced during cold-working process,
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It mcay be that the failure canmot b , characterized completely by Iinear elastic frocture

mechanics.

Tuee specimens, each contctning various initial crack lengths at level I cold-worked open

holes, were tested in the some manner as those used in the Kc tests, for both t. 2219-T851

aluminum and 6AA-4V beta annealed itanium materials. The results of thee tests ore tabu-

lated in Table 32.

5. THRESHOLD CRACK LENGTHS

It is generally accepted that the stress intensity factor controls the rate of propagation

of a fatigue crack. Any cracked structure can be expected to respond in a predictable

manner to ogivenloadcycle if its associatedstress intensity factor is available. SL' h a

response usually is in the form of an increment of crack growth. Therefore, for pre-

dictlve purposes, the basic constant amplitude crock growth rate data Is presented in

the form of the instantaneous crock propagation rate, da/dN, as a function the stress

intensity range, AK. In this relationship, there is a threshold value of AK, say AK th'

below which a crocked structure does not have measurable crack extension due to

fatigue cycling.

Normally, the crock growth rate data show some scatter, and the least-square mean line

representation of all the test data is used to establish the da/dN vs. &K relationship.

For a given AK, the scatter of its associated growthrate normally will increase as the

value of .K decreases, especially when AK approaches AK h. This is illustrated in

Figures 10 and 11. The value of AK observed during the baseline crock growth rate

tests ranged from 1. 1 to 1.9 ksiv/-n'. for the aluminum alloy, and from 2.8 to

3.7 ksii/in. for the titanium alloy.

In the crack growth tests, if the crack size is so small or the applied load is so low

that thestress intensity factor range is smaller than .AKth, one would anticipate that

the crack will not grow, and the growth behavior of such a crack would be essentially

the same as that of a fatigue test without any intentional flow. In the duplication of such

a test, the dam scatter would be very large. Conversely, if the iesulting stress

intensity factor range is much larger than AKth, the data scatter in the duplicate
tests would be small. The aount of data scatter increases as AK decreases and

approaches K th. If the resulting AK is close to AK th , one may anticipate that
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two Identical cracks under the some loading coMition might show a completely different

gtowth behovor, e.g., one crack might grow in the some manner as a crack with a iarge

AK value while the other identical crock might show practically no growth.

Baed upon the above discussion, one may conclude that the strus intensity factor range

is the primary parameter which conhols the growth potterns of small cracks (small crocks

normally result in small AK values unless the applied load is abnormally high). This is

clearly -reflected in the data generated under the present test program. As discussed in

the previous section %ome cracks grew much faster than the others in the multiple-test-

hole specimens. A ..,ugh efforts were taken to collect more data from these slower grow-

ing crocks, only limited success was achieved. Instead of eliminating these very limited

growth data, they are used in this section to establish the minimum flow size such that,

under the same loading condition, the crock will not grow. From these data, one can

qualitatively correlate the different fastener hole combinations tested with the approxi-

mate stress intensity factor solutions.

The stress intensity factor for a given crocked geometry normally depends upon the geom-

etry, the size of the crack and the applied load. However, for cracks emanating from in-

elastic fields such ascod-worked or interference-fit fastener holes, K also depends upon I
the level of cold work or interference, 8..-d, the material yield strength, qy

Young's modulus, E, and Poisson's ratio, t-. For a given crack geometry, the

stress intensity factor can be written in the following general form:

K = / T

where PT is the total correction factor which, in general, is comprised of the linear

product of a series of correction factors. For a given fastener hole contigurotion, the

factor only varies with the crock length a.

For a given fastener hole cnatguro6on and applied load, when the crack extends a

smol' in)crement Ac, its associated stress intensity factor con be determined from

that of the previous increment by using Equation (I ), or

KIa+Ao\o ( .Ka (2)

35

.. 4.



If an Increment A~o is small In comparison to the crack length a, then one may assume

that the Change of the total correction factor is negligible, and Equation (2) can be

reduced and rearranged as

If the crock length a is close to the "threshold a" for a given constant amplitude load

spectrum, then Equation (2) can be used to estimate the "threshold a" with a knowl-

Vidge of K thand the approximate K solution at crock length a m fromn the following

equation:22

If the difference between a th end e m Is very small, then the difference In the total

correction factor, OT' can be neglected and Equation (4) is feduced to

)2ath m K(!. (5)

The stress intensity factor K m may be estimated from very slew crack growth test data

by using the fatigue-crack-growth method of calibrating the measured crack growth

rate, da/dN, and the strss intensity factor range, AK.

Table 33 shows the estimated theshold crack lengths using Equation (5) for both

corner crackii and through crocks at various types of fastener holes in 2219-T851 aluminum

alloy plates subjected to 18 ksi far-field loading. Similar results for 6Ak-4V beta

anneledtitaiumalloy plutes subjected to 40 ksi for-field loading ore shown in

Table 34. The threshold values of the maxcimumw stress intensity factors used in the

calculations are 1. 7Z61% in. for aluminum, and 3.7 ksi Nin for titanium. The

computed stress intensity factor-; for 3i through crock from on open hole using the estimated

threshold crock lengths and Bowie's hole correction1 facto~rs Wrt 1 .8 ksi 5 /in. for the

alumninum spcimens and 5.31 ksi,./in' for the titanium specimens. Die computed Kth

agrees very well with the test clto for the aluminurn material, bot is too high for the

titanium material. TPis is becor-e a 1" (0.022") measuredi in the test to( the titanium mate-
ria isfuhlrerta t~ title Bowie factors, 1 

8 (om) '81(a,,), were used to occount
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for the large difference in the crack lengths, then the new computed ath would be 0.0027"

which results in the stress intensity factor of 3.90 ksi /in.' This value agrees very well with

the data.

Based on the computed threshold crack lengths for the far-field stresses used in the test

program, the following conclusions may be drawn:

1) For the some fastener hole configuration, values of ath for through crocks are

smaller than those for part-through cracks.

2) For the some type of crack, values of am for fastener holes having residual strains,

such as interference-fit or cold-worked holes, are larger than those for reamed

holes without residual strains. Values of ath increase with an increase in the

amount of fastener-hole interference or cold working, especially for aluminum

specimens.

3) For the aluminum specimens, the cold-working operation retards the propagation

of small cracks more efficiently than interference-fit fastener holes. However,

far titanium specimens, the interference-fit fastener holes perform slightly better

than cold-worked holes in retarding the growth of small crocks.

It should be noted that ath does not depend upon the fastener-hole configuration alone,

but also upon the level of the applied load. Therefore, it may not be too meaningful to

define ath without coupling it with the applied loading.

If a procedure can be developed to represent a spectrum loading with constant amplitude

ing which produces an equivalent damage (crack growth), then the aforementioned

*pproch can be used to determine the threshold crack length for any fastener hole con-

tiguration subjected to spectrum loading. For any flawed fastener hole, if the initial

flaw size is smaller than the threshold crack length fat a given load spectrum, then one

may anticipate that the flawed fastener hole will behave practically in the same manner

as a fastener hole without an intentional flaw when subjected to same spectrum fatigue

loading.
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SECTION V

ANALYTICAL PROGRAM

This section Lontains two steps for estimating an opening mode stress intensity factor

for a given crock geometry, hole condition, and load combination. The first step de-

scribes and illustrates the procedures used for obtaining the unflowed elastic-plastic

stress field for interference-fit fasteners and cold-worked holes subsequently subjected

to uniform for-field stress with and without fastener loading. The second step summarizes

the stress intensity factor solutions for cracks emanating from fastener holes presented in

Figure 1. Possible failure criteria for cracked cold-worked holes and crack growth pre-

dictions are also presented.

1. STRESS ANALYSIS FOR UNFLAWED FASTENER HOLES

Cracks or crock precipitating flaws will be introduced in aircraft structure either during

manufacturing or service which, later on, create fatigue problems. The majority of

such structurl problems can be traced to fastener joints where high stress concentrations

are located. In order to improve the fatigue (or crack initiation) life, fastener systems

using the concept of beneficial residual stresses have been used in more sophisticated

aircraft design practices. The concept is that some:ime during the fastener installation

and hole preparation processes, some form of interference is introduced to induce fatigue

improving residual stresses around the fastener hole. Such fatigue improvement fastener

systems can generally be classified in one of the following two classes:

1) Interference-fit fasteners in which the fastener shank is pressed into a hole

smaller in diameter than the shank, and

2) Cold-worked holes in which an oversized mandrel is pulled through a fastener

hole, cold working the hole in the process.

The finite element displacement method was principally used to obtain the unflawed stress

listributions for the test specimens containing such interference-fit and cold-worked

astener holes used in this program. The computer program, INLAP, a modified version

f the one reported in Ref. 4, analyzes a structural model for plane stress plastic deformation

38



occurring as a result of concentrated forces applied at the joints of the finite element I
model and/or imposed joint displacements. The nonlinear (plastic) behavior is approxi-

mated by on incremental iterative schema described fully in the referenced report.

Briefly, this scheme consists of the following:

(a) an increment of load (and/or displacement) is applied to the model;

(b) all model joint displacements ore computed and element stresses found;

(c) each element is then checked (ven Mises energy-of-distortion) to determine

if yield (plastic deformation) has initiated, or if once initiated is continuing;

(d) plastic strains are estimated for those elements past yield from either bi-linear

(see Figure 111), Ramberg-Osgood or Golcdberg-Richard unioxial stress-strain

curves and the PrandtI-Reuss flow law,
I

(e) with the load increment held constant and with the new estimated values of the

plastic strains, the analysis is iterated through steps (b), (c), and (d) until the

changes in plastic strains from the previous iteration all are smaller than a

user-set convergence tolerance.

(f) the load increment is increased (decreased if unloading of applied loads/dis-

placements is studied) and steps (a) through (e) are repeated.

Step (f) is continued until all loads/displacements are applied (or removed) from the

finite-element model.

For the analyses of the specimens tested during the period of this contract, the computer

program, INLAP, was changed to allow an analyst to apply a sequence of sets of loads

and/or displacements to the structural model of the test. Thus, analyses which closely

corresponded to the laboratory sequences were performed. For instance, the single

program execution sequence used to calculate the stresses for the cold-worked hole tests

consisted of three distinct steps. In the first step, a radial expansion, representing the

insertion of the cold-working mandrel/sleeve combination, was imposed onto the joints

defining the hole in the finite-element model of the doubly symmetric test specimen as

shown in Figure 110 which consisted of 232 nodes and 397 constant strain triangular
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elements. In the second step, the equivalent radial forces necessary to produce the

hole expansion (Including plastic deformation) were computed, the hole displacements

imposed in step 1 were removed, and the equivalent forces (applied to the appropriate

joints around the hole) were then relaxed (unloaded) to zero. Steps 1 and 2 simulated

the expansion-relaxation sequence tf a hole in a typical specimen. In the third and

last analysis step, with the hole edge unloaded, upward-vertical loads were applied

and then relaxed along the top edge of the model of Figure 110 to represent the applica-

tion of uniform uniaxial tension fatigue cycles to the specimen. At convenient incre-

ments in all three steps of the analysis sequence, model element stresses were computed

and printed. The cyclic stress-strain relationship used for the aluminum alloy models

is given by the curve on Figure I1I. The actual bilinear representation used in the

analyses is indicated by the dashed lines on that figure. For the titanium models, a

similar curve was used with an initial elastic modulus of 21.08 x 106 psi, a plastic mod-

ulus of 8.733 x 104 psi, and a yield stress of 125,300 psi. The unloading branch of the

titanium curve was assumed to have the same moduli with reverse yielding occurring at

-125,300 psi.

For both the aluminum and titanium specimens, the extent of the residual compressive

tangential stress zone existing around the hole as a result of the cold-expansion/relaxa-

tion sequence and the effect of the applitd uniaxial tension fatigue cycles onto that zone

were established for three cold expansion levels. These results are summarized in Table 14.

Two important test modifications to the cold-work uniaxial stress sequence were to insert

either an unloaded neat-fit (close tolerance) fastener or a loaded (i.e., 10% load transfer

for aluminum specimens, 7% load transfer for titanium specimens) neat-fit fastener into

the specimen hole prior to the application of the axial load fatigue cycles. To account

for these inclusions, bar (axial) elements linking the geometric center of the hole and the

nodes defining the hole edge were added to the finite element model. Also, to analyze

the load transfer cases, which are not doubly-symmetric, a new model, constructed by

adding a mirrored-reflection lower-half to the model of Figure 110, was used. For both

loaded and unloaded fastener cases, trial analyses were made to establish which bars were

in compression. All those in tension were removed from the model, and, therefore, only

fastener bearing was characterized in the stress distributions. The analysis sequence used
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to study the neat-fit fastener specimens was identical to that used for the open-hole

specimens, as described above, except in the following two ways. During the applico-

tion of the uniaxial stress, the joint at the center of the hole, where all the bars inter-

sected, was (1) restrained horizontally (summetric displacement condition), and, for the

load transfer cases, was (2) loaded with a downward vertical force equal to half of the

total load transferred. Results of these analyses are shown on Figures 112 through 124.

The lost sequence studied was that in which the test specimen hod an Interference-fit

fastener installed followed by the application of uniform axial stress fatigue cycles. To

simulate the interference-fit fastener, and to determine the resulting residual stresses,

the model of Figure 110 was modified in a manner similar to that reported in Ref. 5. The

fastener was represented in the model by a double ring of elastic triangular elements

lining the inside of the hole. The stiffnesses of these elements were collectively chosen

to be equivalent to the stiffness of the solid fastener. As the first step in the analysis

sequence, an internal pressure sufficient to expand the ring - if it were externally un-

restrained - to the original diameter of the uninstalled fastener was applied incrementally

to the inner edge of the ring. Holding the internal pressure fixed at its full value, the

second step was then to apply and relax a uniform uniaxial stress across the model's top

edge. Three different levels of interference were studied for each aluminum and titanium

alloy in the above manner. The results are shown in Figures 125 through 133.

The following, are comments concerning the significant trends and conclusions derived

from the results of the unflawed stress analyses.

Figures 112 to 124 present the results of the unflowed and flowed stress distributions

computed using the elastic-plastic finite element procedure described above for various

* types of cold-worked holes. Similar unflowed results are presented in Figures 125 to 133

for interference-fit fastener holes for variable levels of interference. Figure 112 shows

the unflowed stress distribution along the x-oxis in 2219-T851 aluminum plate caused by

2% cold working and subsequent 1.8 Ksi and 18 Ksi far-field loadings. Figures 113 and

114 show similar stress distributions at a 2% cold-worked hole with initial crack lengths

of 0.0125" and 0.0525", respectively, before cold working. These stress distributions

show almost no change with the introduction of an initial crack ( 0.05") before cold

working, except in the small region next to the hole wall. The magnitude of the
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compressive residual hoop stress decreases slightly if a crack is introduced before the

cold working operation. Similar stress distributions for 4% und 5% cold-worked open

holes, without an initial crack, are shown in Figures 115 and 116, respectively. As

seen from these figures, the extent of the compressive zone Is intreased with an increase

In the percentage of cold working. Figure 17 compares the unflowed stress distributions

along the x-axis in aluminum plates caused by 2%, 4% and 5% cold working with the

subsequent application of 18 ksi for-field unioxial tension loading. Figure 118 shows

the similar stress distributions at various types of 2% cold-worked holes (i.e. open, close

tolerance fastener holes both with and without fastener load transfer). Figure 119 shows

the effect of the level of cold working on the stress distributions of loaded cold-worked

fastener holes.

As seen from these figures, when the amount of cold-working increases, the extent of the

compressive zone in the vicinity of the hole increases and the maximum tensile stress is

located farther away from the edge of the hole. However, the magnitude of the maximum

tensile stress does not change. Similar results obtained in the titanium plates caused by

2%, 4% and 5% cold workings and subsequent 4 ksi and 40 ksi for-field loading are shown

in Figures 120 through 122. Except for the magnitude of the stress, the trend of these dis-
tributions is very similar to that of the aluminum material. Figure 123 compares the un-
flawed stress distribution at various types of 2% cold-worked holes (i.e. open, close-

tolerance fastener holes both with and without fastener load transfer) in titanium plates

subjected to 40 ksi unixial tension far-field loading. There is practically no difference

in stress distribution at cold-worked open and unloaded neat-fit holes. However, when

10% of the far-field applied load is reacted through the fastener, the maximum and the

minimum stresses increase slightly. Figure 124 shows the stress distribution along the x-axis

in 6AI-4V beta annealed titanium plates caused by 2, 4 and 5 percent cold working with

subsequently applied 40 ksi far-field tension and 10% fastener load transfer.
!4

The unflawed stress distributions obtained from the elastic-plastic finite element analyses

for the levels of diametrical interference used in the test program are presented in Figures

125 through 127 for the aluminum material, and 128 through 130 for the titanium material.

The results obta:ied for the aluminum material are replotted in Figures 131 to 133 to show

the effect of the level of interference on the stress distribution.
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Based on the current unflawed stress analyses, the following 3 cbservations are made:

1) Due to the installation of an interference-fit fastener alone, the tangential

residual stress at the edge of the hole decreases as the level of interference

increases. The peak tangential stress is the some for each level of interference

but is located farther away from the hole as the level of interference increases.

2) When the far-field load is applied subsequent to the installation of an inter-

ference-fit fastener, the peak resultant tangential stress is located farther away

from the hole and the peak remains practically the some for each level of

interference.

3) When the far-field loading is removed, the residual tangential stress at the edge

of the hole is nearly the same as the one caused by the interference alone. How-

ever, the peak tangent residual stress decreases slightly and is located farther

away from the hole than the one caused by the interference only. This phenomenon

is considerably different from those obtained using an elastic-perfectly plastic

analysis, which predicts a sizeable decrease in the residual tangential stress at

the edge of the hole (17,20)

2. APPROXIMATE STRESS INTENSITY FACTOR SOLUTIONS

2.1 Introduction

The stress intensity factor, which generally depends upon crack length, remote loading

and structural geometry, has been employed to characterize the severity of the crack-tip

stress field. To date, there has been much useful work done on the problem of deter-

mining reliable stress intensity factors for cracks emanating from fastener holes. Almost

all of these analytical determinations are based upon modifications of a solution obtained

by Bowie (6 ) for cracks emanating from a circular hole in an infinite elastic sheet. For

cracks emanating from an inelastic field near a fastener hole, such as produced by an

interference-fit fastener or a cold-worked hole, the stress intensity factors could be
(7-10)

estimated by using the weight function approach as discussed by Bueckner or the

reciprocal theorem proposed by Rice . Both techniques require a knowledge of the
(12)

unflowed stress distribution in the region of the hole. Paris et al ( ) has combined these

techniques with the finite element method to develop a weight function for the single

edge cracked strip.
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The closed form expressions for the weight function for edge crocks(8 ' 13 ), center cracks( 14 )

and collinear cracks ' In a wide panel are available. But, tha closed form weight function

for cracks emanating from a fastener hole Is not available. Development of such a function

is very difficult, if not impossible. Therefore, the weight function for a straight crack has

sometimes been used to estimate the stress intensity factor for radial cracks emanating from

o circular hole, 5" |" . For a large crack, where the itifluence of a fastener hole on the

stress intensity factor is small, such an approximation gives good results. However, for the

case of a small crack, say '/r ..0, such an approximation could be si gnificantly in error.

Grandt used the reciprocal theorem due to Rice to develop the following equation

which estimates the Mode I stress intensity factor, K I for cracks emanating from any type

of circular fastener hole:

[ fp.h dr fP(x) ! dx (6)

r

where p is the stress vector on the boundary; h is the weight function; 1 is the y-component

of the crack surface displacements; K8 is the Bowie solution for the stress intensity factor;
2

and E' is an appropriate elastic modulus: E = E/(I -Y ) for plane strain and E for

generalized plane stress. Since the closed form expression for 17 as a function of the crack

leth a is not available, it was determined by fitting an equation to the discrete dis-

placements computed using the finite element method for a series of crack lengths ranging

from a/r = 0.4 to car = 2.8. The stresses and strains computed using the conventional

finite element method may be fairly accurate. But the differentiation of on approximate
expression obtained by curve fitting finite element results may result in inaccuracies.

4 Two high-order singularity elements have been developed at Lockheed-Georgia. One

takes only the symmetric terms in the Williams' series and, hence, is applicable only to

symmetric problems (K1 I = 0); the other makes use of both symmetric and antisymmetric

terms and is applicable to unsymmetric or mixed mode (K I and K11) problems. The

efficiency and accuracy of thsse elements has been demonstrated in reference . In

order to obtain more accurate solutions for cracks emanating from a hole, the high-order

singularity element for symmetric problems was used to compute the Mode I stress-intensity

factor for a double-rodial crack emanating fro In open hole and subjected to concentrated

loads on and perpendicular to the crack surface. The computed stress intensity factor was
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used to develop the Green's function (equivalent to a nondimensional stress intensity

factor) for a double-radial crack emanating from a circular hole. Once the Green's

function is available, the Mode I stress intensity factor for cracks emanating from any

type of fastener hole can be calculated from a knowledge of the unflawed stress distri-

bution in the region of the hole.

2.2 Thru Cracks Emanating from Fastener Holes

Figure 134 shows the scheme of the linear superpostion method. The stress intensity factor

of problem a is equivalent to the sum of those of problems b and c. Since problem b

is crack free, the stress intensity factor of problem a is equivalent to that of problem c.-I
By idealizing the loading in problem c as N discrete loads, P; .... ;N' the stress

intensity factor for a given crack length a can be computed from the followina equation:

N N
K (a) E Ki--- i ,1i 7)

.i-- i=1

th
where k.(x.,o) is the normalized stress intensity factor due to the i unit load applied
at location x.. For arbitrary distributed stress, U, instead of discrete forces, P'

Equation (7) becomes

K(o) f k(x,a) . a(x)dx
(8)

By defining G k(o/4 1/2 and E = x/a and substituting them into Equation (8), one

obtains

K K(a) = r /io ia o a Q1) Gla, F)• d t.19

0 f- (9)

where a is the uniform far-field stress and =i a/'o is the normalized unflowed stress
0 0

distributio'n on the prospectlve crack surface.

For a straight crack subjected to two pairs of concentrated forces on the crack surface

as shown in Figure 135, the corresponding Green's function, G, is
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b 1/2 1/2 1/2
G(a,) K a! ta+b) a -b ~w(0

The Green's function G, for a double radial crack emanating from a circular hole and

subjected to two pairs of concentrated forces on the fracture surfaces, as shown in

Figure 136, can be obtained from the computed stress intensity factor using finite-element

analysis with inclusion of the singularity element for various crack lengths a!r and b "a

ratio$ as follows:

Due to the limitation of finite element methodology, when the concentrated forces

were applied close to the crack tip, say b/a > 0.9, the corresponding Green's function

was obtained using the central crack solution in Figure 137. The Green's function

corresponding to this case is

1,12G b) 4(1 +) l)"
b 1

' a b b /2r'

a a a

The computed Green's function were then tabulated as a function of o/r and b/a in

Table 35. For any ca/r ratio different from those tabulated values, an interpolation

or extrapolation technique was used to obtain the corresponding Green's functions.

With a knowledge of the Green's functions, G, and the stress, o, on the prospective

crack surface with the crack absent, one can compute from Equation (9) the corres-

ponding stress intensity factor for any rodial crack from a hole.

When crack face overlapping occurs or the applied force P.. is in compression, the
computed K. in Equation (7) will become negative. Physically, it means the crack

surfaces are closed and react against each other.
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For a case where there Is only one crack emanating from a hale, instead of redevelop-

Ing the associated Green's function, It was found that the following equation will give

a good estimnte of the stress intensity factor:

K A
one crack 2 two cracks

where BI and B2 are Bowie's factors for single and double crocks, respectively.

Open Holes

(6)To check the validity and accuracy of the present solution, Bowie's closed-form solution

for a double radial crack emanating from an open hole in on infinite plate was employed.

By approximating the unf lowed stress distribution as

2 4

the computed nondimensional stess intensity factors using Equation (9) for a double

crack emanating from an open hole subjected to unioxial and bioxial uniform far-field

loading are presented in Figure 138. The corresponding Bowie's solutions ore also in-

cluded in the figure, As con be seen, the current results are within 2 percent of Bowie.

Similar results computed using Equations (9) and (12) for a single crack emanating from

an open hole subjected to uniaxiol and biaxial uniform far-field loading are presented

in Figure 139. As seen from this figure, estimation of the stress intensity factor for a

single crack from that of a double crack and Equation (12) agrees excellently with that
of Bowie.

For the case when the applied for-field stress exceeds about one third of the material

yield strength, plastic deformation will begin at the edge of an open hole. The

extent of local yielding depends upon the applied stress. The stress intensity focto:

computed, using Bowie's solution based on the purely elastic analysis, will be too

high. In such a cuse, the stress intensity factor con be estimated from the unflowed

stresses obtained from an elastic-plastic analysis and Equation (9).
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Let f be the normalized unflawed stress distribution on the prospective crack surface
obtained from on elastic-plastic analysis. Then the stress intensity factor of a through

crack can be wr: .ten as

K a /rv- H (14)

where ,I

H ~If Q) G (a, )dt 1 1,2

The factor H, equivalent to the Bowie factor in the purely elastic case, accounts for

the hole effect when the local yielding occurs. Unlike Bowie's factor B, this factor

depends upon the for-field stress. Figure 140 shows he non-dimensional factor H for

three different levels of applied for-field stresses. As seen from the figure, when the

far-field stress increases, the corresponding nondimensionol stress intensity factor H

decreases, especially for a very short crack.

Close Tolerance Fastener Holes with and without Fastener Load Transfer -

The stress distribution of an unloaded close tolerance fastener hole in a plate subjected

to uniform for-field loading has been studied by many Investigators. So has the problem

of a close tolerance fastener hole having 100% fastener load transfer. For a case where

the close tolerance fastener only transfers a fraction of the remote loading, the corres-

ponding stress distribution has been calculated from those of the aforementioned two

cases via the superposition method illustrated in Figure 141.

The idealized problem of a remotely loaded strip with a neat-fit rigid insert (fastener)

is an inherently nonlinear problem. This is most easily demonstrated through the

observation that the contact surface cannot be prescribed in advanced but depends rather

on the solution and is usually determined by trial. The some nonlinear characteristics

apply when the strip is loaded at only one end and the load is reacted at the rigid insert

(100% load transfer). The contact surface is more extensive in the latter case and

occupies a different portion of the hole boundary. In view of these observations, any

solution for fractional load transfer obtained via the superposition of these two cases must
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be regarded as opproximote at best, whens the fastener is defomabie, the validity of

superposition is all the nore suspect and moreover any such approximation Is likely to

give poorest results on or near the hole boundary.

A detailed finite element model was usd to compute the unfloed circumferential stress:

distributions along the plano perpendicular to th, load In a hole of a 7075-T6 aluminum

plate fitted wilh a 6A1-4V titanium fastener for various percentages of fastener loaW

transfer at Lockheed-Georgia. The width of the plate was 1. 15 inches and the hole

d iometer was 0. 1875 inches (or a hole diameter to width ratio of 0. 16). The computed

dimensionless stress distribution. is shown in Figure 142. The estimated unflowed atress,

at the edge of she hole using the superposition method is higher than the stress using

the finite element method by ab~out 2% for a 30% load transfer case and 13% for a 75%

toad transfer case.

Let f~ be the normalized unflawed stresses on the prospective crack surface. Then the

stress intensity factor for a through~ crack emanating from a close tolerance fastener hole

(j can be written as

0 C (16)

wher CT f JCTOG (a, 0d. i1, 2 1

The nondimensiol factor AC T is a function of crack length and the percentage of

fastener load transter.

The compujter OCT using the unf lawed stresses shown in Figure 142 for a double crock

emanating from close tolerance fastener holei having various percentages of fastener

load transfer ore shown in Figure 143. Bowle's solution for an open hale is also shown

in the figure as a dotted line. From this Figure, one can see that the stress intensity

factor for a close to leronce fastener hole without load transfer is lower than that of on

open hole. However, when the amount of load transfer increases, the stress intensity
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factor lncrec-sos rapidly, spe.ially for short crock lengths. The computed nondlmensional

stress Intensity factor at the edge of the hole Is approximately 1.12 times the normalIzed

unflowed stress at that location. This agrees very well with the edge-crack solution.

The computed nondimensional stress intensity factors fora double through crock emanating

from an open and close tolerance fastener hole with and without 10% fastener load trans-

fer are shown in Figure 144 for a 4-inch wide aluminum specimen and in Figure 145 for a

4-inch wide titanium specimen. The computed stress Intensity factors for a single through

crack emanating from a close tolerance fastener hole with and without fastener load trans-

fer are shown in Figures 146 and 147, respectively for titanium specimens. Test data to-

duced using the fatigue crack growth method of calibrating K are also shown in the figures

as symbols for comparison.

For the case in which the local yielding occurs at the edge of the fastener hole due to

high far-field applied loadiN, the corresponding stress intensity factors can be obtained

by using the previously described approach and the unflawed stresses determined from on

elastic-plastic analysis.

Interference-Fit Fastener Hole - Slighi ly o ersized fasteners are commonly employed in

in structural applications to improve ;otigue life. When a hole is filled with on inter-

ference-fit fastener, substantial plastic yielding will occur around the hole. The extent

of plastic yielding depends upon the level of interference and the magnitude of the re-

motely applied loading. Based on the elastic-plastic finite element analysis, one finds

that the unflowed stress distribution along the x-oxis near the fastener for a plate-fastener

material combination is dependent upon the material yield stress ys, Young's modulus E,

Poisson's ratio v, interference level (8/d) and the remote load cr. For the case of n

crock emanating from an interference-fit fastener hole, a sizeable residual stress intensity

factor may exist even in the absence of the remote load. Therefore, instead of the remote

loading %o , the yield strength of the plate material, as should be used in the stress

intensity factor expression which may be written as

J where
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The f factor in Equation (19) represents the unflawed stresses on the prospective
IF

crack surface normolized by the plate material yield strength. For a given material,

tile nondimens;onrin foclor is a function of thle crock length, far-field load, and
file amount of fostener-hole interference.

Figure 148 shows the unflowed stress distributions for a 7075-T6 aluminum plate with

a steel interference-fit fastener caused by 0.004" interference and subsequent edge

loading and unloading (2 0 ) . The computed stress intensity factors using these unflawed

stresses and Equations (18) and (19) are shown in Figure 149. From this figure, one

sees that for a.r - 0.5, when the for-field loading (25 ksl) is removed, the computed K

is less than zero. Physically, it means that thie fracture surfaces are completely c!osed

and compress each other. The effective stress intensity factor range equals tile differ-

ence between curves 2 and 3. For a similar plate with an open hole subjected to 25

ksi tar-field loading, the corresponding K (also .AK) is piotted 'n the same figure as

dotted lines for comparison purposes. For small cr0,' lengths, the computed AK is

much smaller for an inte-ference-fit fastener ho!. tt in an open hole. This explains why

the crock emanating from an interference-fit fastei hole grows much slower than a

corresponding crack in an opsn hole when tile crack length is small. When the crack

length is longer than one half of the radius of the fastener hole, the computed stress

intensity factor becomes positive after the far-field applied load is removed. The ef-

fective cyclic-load ratio experienced by the crack tip is no longer the some as the far-

field applied load ratio (which is zero in this case). When the crack length is longer

than 3 times the radius of fastener hole, tile effective stress intensity factor ranges are

about the some as those for an open hole. Based upon these computed stress intensity

factors, one may conclude that the beneficial effect of an interference-fit fastener on

retarding fatigue crack growth is the most significant when the crack length is small.

This beneficial effect decays as the crack length increases until the ii-terfernce lit

fastener hole no longer retards the fatigue crack gq,,wth. Such a limit d, , is l )Pon the

amount of interference and the magnitude of tbe i -field applied loaod. I or the particular
Aexample shown here, this limit crack length is about 3 times the hole radius.
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The unflowed stress distributions for interference-fit fastener holes for three levels of

interference in both aluminum and titanium plates caused by uniform far-field loading

hove been presented and discussed in Section V, paragraph I. The normalized stress

intensity factors, #IF' computed using these unflawed stresses and Equatiun (19) are pre-

sented as a function of crack length in Figure 150 for double through crocks emanating

from 0.0024", 0.0038" and 0.0060" interference-fit fastener holes in aluminum plates

subjected to 18 ksi for-field uniform loading. The corresponding stress intensity factors
computed using Equation (18) are shown in Figure 151. Three curves, Ka, K . and

max min
Kma x -K are shown in each figure. They are the computed stress intensity factors

corresponding to an 18 ksi far-field applied load, the removal of such load and the

difference between these load cases, respectively. As seen from the figures, there are

sizeable residual stress intensity factors remaining upon the removal of the for-field

applied load. Although the far-field applied load is constant in amplitude, the effective

stress intensity factor ratio, Rff = m/Km at the crack tip is not constant. This

ratio varies with the crack length. The computed 0 F and stress intensity factors car-

responding to the application and removal of the 40 ksi far-field loading for double thru

cracks emanating from interference-fit fastener holes having 0.0034", 0.0042" and 0.0050"

interferences in titanium plates are shown together in Figures 152 and 153, respectively.

These results are similar to those for the aluminum material. One important feature

observed here is that, for the for-field load applied in the tested specimens, the effective

stress intensity factor ranges, K mx-K mi , are essentially the same for each level of

interference. However, the effective stress intensity factor ratio, Reff , does depend

upon the level of interference, as shown in Figures 154 and 155, which present the ef-

fective stress intensity factor ratio as a function of the nondimensional crack length, a/r,

for three le'/els of interference. From these figures, one can easily see that for a crack
whose length is less than about one radius of the fastener hole, Ref f decreases rapidly as

the amount of interference increases. When the crack length is greater than one radius

of the fastener hole, R increases as the amount of interference increases. However,Reff a

such an increase is very small. For a given far-field loading, !he implication is that when

a/r < 1.. on increase in the amount of fastener hole interference will result in a slower
-Y

m

fatigue crack growth rate, especially for a very short crack. When a/r > I, the fatigue

crack growth rate will be practically the some within the levels of interference studied

here.
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For the purpose of validating the analytical solution, a crack emanating from an Inter-

ference-fit fastener hole in a plate subjected to constant amplitude for-field loading was

treated as a crack emanating from a fastener hole having no residual stress and subjected

to varying amplitude loads which produce the same AKeff and Ref f . The predicted crock

growth histories, using the computed AKef f and Reff , are compared with test data in

Figures 156 to 158 for s'ngle through-the-thickness cracks emanating from 0.0024, 0.0038,

and 0.0060 Inch diametral interference-fit fastener holes, respectively, in 2219-T851 -

aluminum alloy plates subjected to constant amplitude 18 ksi and R 0.1 far-field loading.
(2)

The following crack growth equation was used in the predictions:

do m (20)
UN c (Kmax Kth W )

where c = 0.34 x 10 - 8, m 0.84, n = 2.40, and Kth = 1.5. The units of the crack

growth rate and the stress intensity factors are inch/cycle and ksi,/in, respectively. As

seen from, these figures, data scatter is fairly large in the tests of cracks emanating from

interference-fit fastener holes and the predictions are well within the scatter of the test

data.

Cold-Worked Holes - Procedures used in obtaining the unflowed stress distribution

produced by the two steps of mandrel hole enlargement were presented in Section V,

paragraph 1. The analysis shows that the cold-working operation causes hoop compression

* adjacent to the edge of the fastener hole and residual tension in the outer field. Due to

the high residual compressive hoop stresses around the hole, to ensure that the resultant

stresses remain tensile over the crack length, the remote applied stress must be high.

Otherwise, the crack surface may not completely open and no crack growth results.

Let f be the unflawed stresses on the peospective crack surface normalized by the

plate material yield strength. The stress intensity factor for a through crack emanating

from a cold-worked fastener hole can be written as

K o rff 4 (21)ifYS CW

where
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1 W fCW( G(a, )dC, 1 1, 2 (22)

For a given material, the nondimensional factor /3 is a function of crack length,cw
for-field applied load, and level of cold working.

As discussed earlier, the hoop stress in the vicinity of a Lold-worked hole would be in

compression if the far-field applied load is not high enough. In such a case, the computed

stress intensity factor using the Green's function approach could become negative, especially

for a small crack length. Physically, it means that the crack %urfaces are closed and react

against each other. Therefore, the computed negative K should be set equal to zero.

Figure 159 shows the unflawed stress distributions in the region of a 4.4% cold-worked
hole in a 7075-T6 plate caused by 16 ksi edge loading and subsequent unloading21)

After the edge loading is removed, a residual compressive tangential stress remains at the

edge of the hole (a/r < 1). The computed stress-intensity factor ranges, K max-K min, using

Equations (21) and (22) are presented in Figure 160 as dashed line. Kmin was computed

using the unflawed stress corresponding to 0.8 ksi edge loading. For the same level of

cold-working (4.4%) and edge loadings (a = 16 ksi, (Y = 0.8 ksi), the stress intensity

factor ranges obtained from the crack growth tests reported in References 22 and 23 and the

maximum stress intensily factor K , prodicted Using the linear superposition method(18 !max
are also included in the figure. As con be seen, the current analysis gives an excellont

correloion with the experimental data.

The unflawed stress distributions of cold-worked holes for three levels of cold working in

both 2219-T851 aluminum plate and 6AI-4V beta annealed titanium plate subjected to by

constant amplitude far-field loading have been presented and discussed in Section V,
paragraph 1. The normalized stress intensity factors, computed using these unflawed

stresses and Equation (22) are presented as a function of crack length in Figure 161 for

double thru cracks emanating from 2%, 4% and 5% cold-worked open holes in aluminum

plates subjected to 18 ksi far-field uniform loading. The corresponding stress intensity
factors computed using Equations (21) and (12) for single thru cracks emanating from

cold-worked cpen holes are presented in Figures 162 and 164. Figure 165 shows

the computed stress intensity factors for a single thru crack emanating from a 2% cold-

worked hole having 10% fastener load transfer. The stress intensity factors reduced from

test data for large cracks using the fatigue crack growth method of calibrating the crack
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growth rate, da,'dN, and the %tress inteinslty factor range, A~K, ore also inc luded in the

figures. As can be seen from these figures, the computed stress intensity factors are in

good agreement with that reduced from test dotu. Similar results for titaniumn plates con-

taining 2%, 40L and 5% cold-worked open holes are prYesented in Figures 166 to 169. F igure

170 shows similar results for a 2% cold-worked hole having 10% fastener load transfer.

The actual amount of fastener load transfer in the tested specimen was about 6 percent

of thle total far-field applied load. The stress intensity factors shown ;n Figure 170 were

computed using the unflowed stress distribution cotined for a fastener hav ing 10% loadA

trunsfer. Hod correct amiount of fastener load transfer been accounted fot, the computed

stress- intensity factors would decrease slightly and correlate even better with the test data.

Figure 171 composes tile comtpted stress intensity fo to.rs for single through cracks emanot-

ing from a 2% cold-worked open hole and close tolerance fastener hsoles with and without

fastener load transfer in 2219-TB51 alumninumt plates subjected to 18 ksi for-field loaiding.

The stress intensity factors at crocked cold-worked open and close tolerance fastener holes

show practically no difference. However, with a small amount of fastener load transfer,

the corresponding stress intensi ty factors increase significant ly .

Figure 172 shows the stress intensity factors. for single through crocks emlanating from 2%

cold-worked open holes in aluminum plate subjected to various levels of far-field loading.

Since the stress intensity factor at ai cracked cold-worked hole does not depend linearly

on 6 - far-field applied load, the computed K v.alues are presented as a function of a,

where a is nieusured from the edge of thle hole. Fromn this figure, onet sees that W1hen thle

far-field loading increases, tile corresponding stress intensity factor increases, ond the

region of negative K (which has been set equal to zero in thle plots) jecrases.

It should be noted that the unflawed stress distributions computed here are based onl a

static analysis (or first few cycles under repeated loading). Theoretically speaking, if

the crack length is smaller than the compressive --one, resulting from the cold working

operation and the application of thle iaxirnun cyclic load, the crack will not propu.gate

under cyclic loads. However, during the course of thle experimental program, it was found

that on intentional fatigue crack, which it much smaller than the computed negative K

region, does propagate after the application of a large number of repeated load cycles.
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It is suspected that the relaxation of beneficial residual strains due to cold working occurs,

and after a certain period of fatigue cycling, the net hoop stress results in tension upon

reapplication of the maximum cyclic load. The current analysis is not capable of account-

ing for such relaxation.

Table 36 summarizes all available stress intensity factor solutions for through cracks

emanating from the types of fastener holes studied under this program.

2.3 Corner Cracks Emanating From Fastener Holes

One of the most common types of flows for which there exists no closed form analytical

solution is the corner crack at a circular fastener hole. To date, several approximate

methods have been proposed for computing the stress intensity factors along the periphery

of a quarter-elliptical crock emanating from the corner of an open hole. Based on K
c

values obtained from standard specimens and failure stresses of 5pecimens with corner cracks,(24)

Hall and Finger derived an empirical equation for computing such stress intensity factors.
(25)

Gran et. al. modified the solution for on embedded elliptical flaw to account for hole
(26)

and free surface effects. Hsu and Liu' , used a similar approuch to modify the half- .
elliptical surface flaw solution to account for the hole effect. Kobayashi and Eneanyo 2

extended an alternating method by using appropriate fictitious pressure on the fictitious

three-quarter part of the elliptical crack which protrudes into three-quarter space to solve
(28)the comer flaw problem in a quarter-infinite solid. Kobayashi et. al. used the some

.three-dimensional alterating technique to estimate the stress intensity factor of a corner
crack at a hole in a rotating disk. Shah ( 7 used similar procedures of prescribing a

fictitious pressure on the crack surface to simulate the cylindrical front surface intersecting

a double embudded semicircular crack at a fastener hole to compute the nondimensionalized

factor F5 for a/c ratios ranging from 0.1 to 1 .0 and c/r values ranging from 0.1 to 10.0

from which he concluded that F could be assumed to be independent of c/c ratio. However,

the final nondimensionalized factors F5 used in his analysis are the ones obtained from the

integration of unflawed stresses and the Green's functions derived by Smith et. al. (29) fr

a circular crack embedded in an infinite solid without a hole. A constant front surface

correction, independent of the location on the crack border, was assumed. Smith and
(30)Kullgren performed a sequence of iterations between an analytical solution for an

elliptical crack embedded in an infinite solid and a finite element alternating solution for
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o finite thickness uncracked plate with a fastener hole to obtain the stress Intensity factors

along the periphery of a port-elliptical crack emanating from a fastener hole in a finite

thickness plate. McGowan and Smith 3 1" used a combination of stress-freezing photo-

elasticity and a numerical method to obtain the stress intensity factors at the Intersection

of a comer crack, hole and plate surfaces. Snow ( 3 2 ) used the fatigue crack growth method

of calibrating the measured crack growth rate, da/dN, and the stress intensity factor range,

&K, to determine the stres. intensity factors of comer cracks from which an empirical

equation was developed. Fujimoto 3 3 ) used the slicing technique to idealize the part-

through crack as a series of through-the-thickness radial cracked slices with springs

attached to the crack faces to represent the shear coupling between the slices. Similar

to Shah's analysis, the Green's functions for a circular crack embedded in on infinite solid

without a hole were used in the determination of a series of spring forces transmitted across
(34)the crack faces. Other numerical methods, such as finite-element and boundary-

(35)integral-equation approaches, have also been used to solve the problem of a quarter-

elliptical crack in a quarter--Infinite solid.

All aforementioned solutions are approximate. There is no exact solution available which

could be used to assess the accuracy of any individual solution.

Experimentally, the fatigue crack growth method of calibrating da/dN and AK (which,

in genera., is derived from the testing of through cracked specimens having known K

solutions) can be used to estimate the stress intensity factor of the tested crack geometry.

Considering the data scatter from which the do/dN vs. AK relationship is established, it

is very difficult to assess the accuracy of K values obtained based on the measured

growth rote of certain increments. To date, the three-dimensional aitemating technique

has been used most often to estimate the stress intensity factor for a quarter-elliptical

comer crack t:;- a hole. However, there are several sources of numerical errors that

might be introduced in the analysis using the alternating technique, especially during th

process of zeroing out the fititious residual tractions acting on the free surfaces (including

the crack face). The other error is in the least squares fitting of the crack pressure distri-

bution with a polynomial. In ddition, the computer time required to execute one such

problem is significantly large.
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In this section, the approximate stress Intensity factor solutions derived from the modification

of the Hsu and Liu (26 ) solution for a quorterelIliptical crock emanating from the comner of on

open hole Is presented. Wherever possible, the solutions ore compared with other approxi-

mote solutions. The stress Intensity factor solutions for a quarter-elliptical crack emanat-

Ing from the corner of close tolerance, cold-worked, and interference-fit fastener holes

are also presented.

Open Hol

The shape of a corner crack at a fastener hole Is generally assumed to be quarter-elliptical

with the semi-major and semi-minor axes coinciding with the hole wall and the plate sur-

face. Let a and c represent the crack lengths. measured along the hole wall and the plate

surface, respectively. The approximate stress Intensity foctor solution for a quarter-

elliptical crack emanating from the corner of an open hole proposed by Hsu and Liu~ 6

may be written as

M(0 op *(=(23

K('49) =a &.w'( ) V . a for a/c 

opC 0rp

c~ ,+os~ a fofrfo ac >I

andeA is the ronte hrfae correction factor ermined aitepln the klzeinon

srouton fdor the olwing i thre ae coml) t /c lipt(2)alc 1ntegand (3) secod
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For /c :0, the crock geometry is similar to that of an edge crack for which the front

surface correction factor is 1.12. For a/c * the crock geometry Is similar to that of

a center crack for which MI is equal to 1.0. For a/c - 1, MI has been obtained
(30)

numerically and presented as a function of an ellptical angle ft by Smith et.al 0

Values of M are presented in Figure 174 in a ten-degree (elliptical angle) increments

from the hole wall to the plate surface for all possible a/c ratios.

For the convenience of application, the front surface correction factor and flaw shape

factors in Equation (23) are combined as follows:

0 0 r C

and (25)

S,/ )Y \/Irafor a/c> 1 PA

The normalized factor is plotted in Figure 175 as a function of a'c for o"c I 1

and in Figure 176 as a function of c/a for a€'c t" 1.

For the convenience of visualizing the variation of the stress intensity factor along the

crack border, the geometric angle 9 is defined as the angle measured from the hole

wall to a specific point on the periphery of on elliptical crack. Figure 177 shows thA

relationship between the angles 13 and 9 for the ratios of the minor to major axes ranging

from 0.001 to 1.0.

luation (25), proposed by Hsu and Liu., is modified in the following manner. For a

corner crack with a small €/r ratio, the entire crack surface is located in the region

of elevated stress and the unflowed stress variation within the crock s Lrface is small.

For this case, Equation (25) normally results in good estimates of tie stress intensity

factors. However, when the c*'r ratio becomes large, the crack surface extends into the

region of lower stress. Because the s' ess intensity factors are sensitive to the local stress

field in the vicinity of the crack, the actual stress intensity factor at the edge of the hole

for this case is expected to be lower than the stress intensity factor computed from

Equation (25). Also, when the crack is deep, the hole acts to restrict the crack opening
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which tends to reduce the actual stress intensity factor at the edge of the hole, again

resulting in a computed %tress intensity factor which is too large. To account for these

effects, Equation (25) Is modified as follows.

K( r =~i a 1, 1 0). Mc(.T for q/c l

and (26)

a ( a 0027r --

for a/c> I

where

C (27)

in which the factor F, presented in Figure 178 as a function of /r, is obtained from
the stress intensity factors Shah ( 1 7) estimated at the location, where the crack and hole

wall intersect and x is the distance from the hole wall to the particular point of interest

on the crack periphery.

Normalized stress intensity factors (K/cf-/-) for a double corner crack emanating from

an open hale were computed using Equations (26) and are presented in Figures 179 to

182 as a function of the geometric angle 8 for a/c ratios of 0.75, 1.0, 1.5, and 2.0,

respectively. Solutions were also obtained from Equation (26) for an a/c ratio of 0.5

and are correlated in Figure 183 with other approximate solutions proposed by Smith ( : 0

and Shah ( 7 ) . Similarly, solutions for a single corner crack emanating from an open hole

were obtained from Equation (26) for an a/c ratio of 1 .0 and are correleted in Figure 184

with other approximate solutions proposed by Koboyashi et.ol. ( 2 8 ) and Shah( 1 7)  The

magnification factors presented in Figure 184, were obtained by normalizing the stress

intensity factors by dividing by K (the stress intensity factor for an elliptical crack in

an infinite body subjected to a uniform tensile stress 3o.).

Because there is no closed form (exact) stress intensity factor solution for a quarter-

elliptical corner crack emanating from an open hole with which to compare the current so-

lution presented in Equation (26), correlations were also mode of predictions using the

current solution with experimental test data. Two sets of test data were generated under
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carefully controlled laboratory conditions. The specimens were made of 7Q50-T73

oluminum plot* with a thickness of 0.25 Inch, a width of 3 Inches, and a hole diameter

of 0.26 Inch. An electro discharge machine was used to Introduce the initial notch at

the corner of the hole (one crock only). Fatigue crack propagation tels were then con-

ducted under a hgh-humidity environment (90-95% relative humidity), at roon tempera-

lure, with a loading frequency of 10 cycles per second. The specimens were subjected to

constant amplitude loading with a maximum stress of 15 ksi and a stress ratlo of 0. 1. C-ack

lengths (both a and c) were recorded using a macromechonic device. During the test,

the "marker" loads were occc~ionally applied to produce bench marks on the fracture sur-

faces. These bench marks provided a record of the actual shape of the crock during crack

propagation nnd also served to verify the macromechanic readings on the crock length

measurementS. The maximum stress level for the "marker" load cycles was also 15 ksi,

but the stress ratio R was increased to 0.85. Photograph showing the elox cut and the

bench marks resulting from application of the "marker" loads on the crack surface of the

first specimen is presented in Figure 185. Figure 186 shows the actual flow shape on the

fracture surface of one of the specimens resulting from the application of the marker loads

and the result of fitting a quarter-elliptical curve through two readings observed on the

surfaces: a and c. The figure indicates the accuracy of assuming that the corner crack

is quarter-elliptical in shape.

Correlations of analytical predictions using Equation (26) and the experimental test data

for the two previously mentioned test specimens are presented in Figures 187 and 188.

The figures present the number of cycles versus crack length for both the front surface and J:

the hole wall. It was assumed in the predictions that for a given number of applied load

cycles, the extension of the quarter-elliptical crack bordew was controlled by the stres

intensity factors at the intersections of the cr...ck periphery and both the hole wall and the

plate surface, (i.e., V. A and KC). In general, the stress intensity factors at these two

locations are different, resulting in different crack growth rates. Therefore, the new flaw

shape aspect ratio after each crock growth increment differed from the previous one. The

new flaw shope aspect ratio was computed using the new crack lengths on both the hole

wall and plate surface. The process was repeated until the crack length along the hole

wall was equal to the plate thickness. At that time, the crack was assumed to be a through

crack with a crack length equal to c. This assumption was mode based upon the ex-peri-

mental observation that after the crack penetrates the back surface and the cyclic lood
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application continues, the back surface crack length Increases much faster than that of the

front surfaoce until the front of the through crack becomes stable. Figures 187 and 188

indicate that good correlations were obtained between the analytical predictions and the

experimental test data. Figure 189 shows correlations of predictions using Equation (26) and
(32)

two sets of Snow's test data generated using PMMA polymer material. Comparisons

between the computed normalized stress intensity factors, using Equation (26) and other
(32),

approximate solutions, and data obtained by Snow using the fatigue crack growth

method of calibrating the measured crack growth rate, do/dN, and the stress intensity

factor range, .SK, ore tabulated in Table 37. As seen frorn all these comparisons, good

correlations between the analytical predictions and the test dota hove been obtained.

For the case when the applied far-fleld stress exceeds about one third of the material yield

strength, local yielding occurs at the vicinity of the hole. In such a case, the stress

intensity factor for a comer crock located at on inelastic hole con be estimated from that

of a thru crack solution by replacing the Bowie factor p in Equation (26) by the factor H
op

as shown in Figure 140,

Close Tolerance Fastener Holes with and without Fastener Loed Transfer - With the

knowledge of a through crack solution OCT the stress intensity factor for quarter

elliptical cracks emanating from the comer of a close tolerance fastener hole with or

without fastener load transfer can be estimated from Equation (26) by replacing the Bowie

factor 0 by the factor Values o Tcon be computed using Equation (17) and

some typical values are given in Figures 143 to 145. These OCT values are valid for the

width to hole diameter ratios considered.

Interference-Fit Fastener Holes - As provlously mentioned, substantial plastic yielding

occurs around a hole due to the installation of an interference-fit fastener and a sizeable

residual stress intensity factor remains after the removal of the far-field applied load.

Similar to a close tolerance fastener hole, the stress intensity factor for quarter-elliptical

cracks emanating from the corner of an interference-fit fastener hole con be estimated from

Equation (26) by replacing the factor P by the factor P
Op IF*

Typical 0lF factors for a through crack emanating from an interference-fit fastener hole

are presented in Figure 150 for 2219-TB51 aluminum plate and in Figure 152 for 6AI-4V

beta annealed titanium plate. The computed normalized stress intensity factor at the
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Intersection of plate surface and the border of a single corner crack emanating from

Interference-fit fastener holes for three levels of Interference for each maferial studied

re presented in Figures 190 and 191 for an t/c ratio of 0.75. This ratio was chosen

because It repesents the averag, flow she seen on the frocturv surface of such fastener

holes. As discussed earlier, the sress intensity factor for a crack emanating fr on

interference-fit fastener hole is not linearly proportional to the far-field applied load.

It depends also upon the level of interference, the material yield strengths Young's

modulus, and Poison's ratio. For the purpos, of validating the analytical solution, a

crack emanating from an interference-fit fastener hole in a plate subjected to constant

amplitude for-field looding was treated as a crack emanating from a fastener hole having

no residual stress and subjected to varying amplitude loads which produce the some AKef

and R

The predicted crack growth histories are compared with test data in Figure 192 far a single

corner crack emanating from 0.0024, 0.0038, and 0.0060 Inch diametric interference-fit

fastener holes in 2219-T851 aluminum plates subjected to constant amplitude 18 ksi and

R = 0.1 far-field loading. Similar analytical-experimental correlations for a single corner

crock emanating from 0.0034, 0.0042, and 0.0050 inch diametric interfeence-fit fastener

holes In 6AI-4V beta annealed titanium plates subjected to 40 ksi and R = 0. 1 for-field

loading ore shown in Figure 193. Both Foman's( 3 6 ) and Hall's( 2 ) crack growth tot.

equations were used in the predictions. The predictions using Fomon's equation show

considerably shorter lives than those using Hall's equation. As seen from these figures,

the predictions are well within the scatter of the test data.

Cold-Worked Holes - With a knowledge of the through crack solution Wo the stress

intensity factor for quarter elliptical cracks emanating from the corners of the cold-worked

fastener holes with or without fastener load transfer can be estimated from Equation (26)

by replacing the factor P with the factor Values of i3CW are given by Equation (22)op C'Vleof6C
and in Figures 161 and 166. As discussed previously, if the crack length is smaller than the

compressive zone, resulting from the cold working operation cand the application of the

maximum cyclic load, the crack will not propagate under cyclic loads. However, during

the course of the experimental progrom, it was found that an intentional corner crack,

which Is much smaller than the computed negative K region, does propagate after the

application of a large number of repeated load cycles. It is suspected that the relaxation
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of beneficial residual strains due to cold working occ.urs, and after a Certail period of

ifatigue cycling, the net hoop stress results in tension upon reoapplication of the maximum

cyclic load. The current analysis Is mot capable of accounting for such relaxotion.

For convenience, the availabie stress Intensity factor solutions for corner cracks emanating

from the types of fastener holes studied during this program are sumrnmarized in Table 38.

2.4 Embedded Cracks EmaonoIN from Fastener Holes

The stress intensity (actor for semi-elliptical embedded cracks emanating from opposite

sides of an open hole has been estimated by many investigators, Hsu and LiU 2 6 ) mod fied

the surface flow solution by using Bowie's through crack solution to account fot the hole

effect to obtain the stress intensity fodtor for such an embedded crock. Shah ( I 7 oained

an approximation by solving the equivalent problem of a pressuri-ed penny shaped crack

in a solid without a hole. The pressure he applied on the crack surface was the tw dlme'-

sionol stress distribution adjacent to a hole in an infinite plate. Kobayashi (3 7 ) used a

superposition method based upon removing residuol crock surface tractions obtained by a

linear approximation of the prescribed stress distribution in an untracked plate,. 'Correctio'.

is then made to the through crack stress intensity to produce corresponding valuet for semi-

elliptical embedded cracks and surface effects are neglected. Smith used. the modif ied

finite element alternating method to compute solutions for two-hole-diometers-to -pltot thick-

ness ratios. Similar to corner crocks, there is no exact stress intensity lactor solution oyailtible

for an embedded crock in n hole toossess the accuracy of the aforementoned approximtitons.

For engineering application purposes, the siress intensity, factor solution for on embedded.
(26)crock emanating from an o'en hole proposed by Hsu and Liu is modified and presented

n this section. The solution is uwed to correlaote with available e-xperimental dato. Com- -

porisons between the current solution and other approximate .solutions ore also made. The

solution is then extended to the case where the embedded crack is emanoring from. o her

types of fastene. holes,

Open Holes - The approximate stress imensitt, factor solution for tvo semi-ellipvkal crocks,
(26).

symmetrically embedded in the edge of on open hole, proposed bv Hsu and Liu, ",L' he

written a-

K V = f [a M
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The function M/9 for any crock aspect ratio is given in Figure 194. The free-curved-

surface effect due to the presence of an open hole was not properly accounted for in the

above equation. Hence, similar to the corner crock discussed in the previous section, the

stress intensity factor at the hole wall estimated by Equation (28) is too high, because

* Equation (28) does not account for the restraint of the hole. Therefore, Equation (28)

should be modified as
M

POP "c (29)

where M has been defined in Equation (27).

Experimental data for semi-elliptical embedded cracks emanating from fastener holes are

very limited. Figure 195 shows the growth pattern of a double embedded crack originating

at a 5/16" open hole in 4 inches wide 7075-T651 aluminum alloy plate. The growth

pattern was established using marker loads. The thickness of the specimen was 0.45".

The test was conducted under Lockheed's IRAD program. The specimen was subjected to

a constant amplitude far-field load of 15 ksi and R = 0. 1 at room temperature and a lab

air environment. To create markers on the fracture surface, 10,000 cycles of marker

loads were applied between every 1000 cycles of normal far-field loading by changing

the applied load ratio to 0.85 but maintaining the same maximum load (15 ksi). The

crack growth during each application of the marker loads was small. The stress intensity

factors at the hole wall and in the depth direction (intersection of crack front and semi-

minor axis) were reduced from the test data, using the fatigue crack growth method of

calibrating K, and are tabulated in Table 39. The corresponding stress intensity factors

computed using Equation (29) and Shah's (17) solution are also included in the table.

Since the growth increments due to the marker loads hove been neglected in the data re-

duction, K values reduced from the data are slightly higher as reflected in the table. In

general, the correlation is fairly good.

Close Tolerance Fastener Holes with and Aithout Fastener Load Transfer - With a knowledge

of the through crack solution ACT' the stress intensity factor for semi-elliptical embedded

cracks emanating from a close tolerance fastener hole with or without fastener load transfer

can be estimated from Equation (29) by replacing the factor o with the factor CT.

Values of BCT are given by Equation (17) and in Figures 143 to 145.
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Interference-Fit Fastener Holes - Similar to a close tolerance fastener hole; the stress

intensity factor for semi-elliptical embedded crocks emanating from an interference-fit

fastener hole can Le estimated from Equation (29) by replacing the factor A with the

factor IF* Typical I factors for thru cracks emanating from the interference-fit

fastener holes are given In Figures 150 and 152.

Cold-Worked Holes - Theoretically speaking, the stress intensity factor for semi-elliptical

embedded cracks envanating from a cold-worked hole can be estimated from Equation (29)

by replacing the factor o with the factor However, it is suspected that the

beneficial resdual strains due to cold working may be relaxed after a certain period of

fatigue cycling. The current analysis is not capable of accounting for such relaxation.

For convenience, the available stress intensity factor solutions for embedded cracks

emanating from the types of fastener holes studied during this program are summarized

in Table 40.

3. FAILURE CRITERION FOR FLAWED COLD-WORKED HOLES

A failure criterion which could accurately predict failure of flowed structures would be a

useful engineering tool for the evaluation of structural integrity and the selection of materials.

Linear elastic fracture mechanics provides a one-parameter failure criterion, K for cracked

structures with small-scale yielding. However, for a crack emanating from a cold-worked

hole, due to the presence of the large plastic strains induced during the cold-working process,

the failure may not be characterized completely by linear elastic fracture mechanics.

The recent attention given to the J integral as a failure criterion is partly due to the fact

that ttE path-independent J integral can be calculated through regions where the stress

and strain states can be determined with sufficient accuracy. For linear elastic behavior,

the J integral is identical to G, the strain-energy release rate per unit crack extension.

Therefore, a J integral failure criterion for the linear elastic case is identical to the K

failure criterion. The use of the J integral as a failure criterion would provide a means

of cirectly extending fracture-mechanics concepts from linear elastic behavior to elastic-

plastic behavior.
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j The path-ndepndent integral discovered and designated J by Rice (38) is defined by

J =J" Wdy - ds , (30)
I

where x and y are cartesian coordinates measured tangent and normal to the crack ot

the tip, ds is an element of arc length along any path ' circumscribing the crack tip,

W is the strain-energy density and T and ; ore respectively the stress and displacement

vectorsoppropriateto material just insiu. I. The promise of the J integral as a meaningful

measure of propensity for crack propagation when large scale yielding* is apparent springs

from two observations: the path independence of the integral can be established without

specifying a linearly responding material; if however a linearly responding material is

specified, J can be shown to reduce to the plane-strain energy-release rate. Notwith-

standing these, on elastic material response is required to evaluate J because of the

appearance of W in its definition. Consequently, J can be computed without ambiquity

for a nonlinearly elastic response but not for an inelastic one. Thus, in any application

where the moterial nonlinearity arises due to the onset of plastic deformation, the value

of J can be tracked on.) :p to the point where the distinction between nonlinear elasticity

and plasticity is manifest; i.e., when some part of the region under consideration begins

to unload.

With regard to the cold-work process, the beneficial residual stress field is, of course,

the direct result of unloading following an expansion severe enough to carry material

near the edge of the hole past its elastic limit. Moreover, when a remote uniaxial tension

is applied vertically, the material at the top and bottom of the hole unloads even more.

This secondary unloading could be ignored or perhaps avoided by a judicious choice of I,

since the region involved does not include the neighborhood of anticipated crack initiation.

But the initial unloading that occurs as the mandrel is removed affects the entire circum-

ference of the hole and cannot be reasonably overlooked.

A numerical estimate of J (using stresses and displacements obtained from a finite element

representation of the material around a cracked hole) was found to be path independent

* Large scale yielding here is taken to mean any plastic deformation that is noi

exclusively characteristic of the crack tip; e.g. pistic derormation influenced
bi bndaries other than the crack faces near the tip.

67



andl in good agreement with the plane strain enerjy release rote available from Bowie's ( 3 9'

analytical solution when no plastic deformation wos involved. Wen the some model wao

used to simulate 2% cold work with subsequent IS ksi remote tension, an attempted estimate

of J (treating W as recoverable energy density) resulted in a path-dependent quantity

defying interpretation.

Consequently, the J integral was abandoned as a potential fracture criterion with which

to correlate the tests tabulated in Table 31. Alternatively, the following two approaches

were employed in an effort to assess tl'e apparent toughness appropriate to material near a

2%o cold-worked open hole. Quolitatih.ely, the results for aluminum and titanium can be

discussed together.

The first approach consists of neglecting the residual stresses altogether in the calculation

of K I. Predictably, the computed apparent toughness was greater than the toughness ob-

tained in the conventional test (Table 29); but the difference was leas- for the shortest

crack length, where the effect of hole cond'tioning could reasonably be expected to be

greatest. One possible explanation of this paradox relates to the fact that the crack was

introduced prior to the cold-work operation. This means that the crack tips were probably

blunted during the initial phase of the expansion. For the shorter cracks, however, sub-

sequent expansion and unloading produced tangential stresses that would tend to press the

crack faces together in a "reshorpening" operation. Based on this argument, one might

anticipate that the longer cracks remain more blunt and therefore would exhibit a higher

apparent toughness. An area that needs further serious consideration is that addressing the

importance of sequence in the cracking/cold-work operation.

The second approach acknowledges the residual stress field by superposing it with that due

to iunote loading in order to obtain tractions to remove from the prospective crack surface
(40)f~i via a numerically generated Green's function 4

. In strict accordance with the defini-

tions of linear elastic fracture mechanics, such an approach is dubious it best; i.e. LEFM

does not respond to situations in which the normal stress on the prospective crack surfaces

is compressive while the extensional struin in thc sume nitlio:, is positive. Nonetheless,

the apparent toughnesses computed in this manner were in general agreement with those

obtained in conventional tests except for the shortest crack lengths. Here the apparent
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toughness was substantially less. This may be attributed, in unknown fractions, to at least

two sources. Firstly, the beneficial residual stress field may be largely lost due to relax-

ation--especially near the edge of an open cold-worked hole. This posoibillty needs

rather immediate attention owing to the considerable impact it might have on life

predictions. Secondly, reverse yielding is evident at the edge of the hole (see Figures

112 to 114), and an accurate determination of the stresses there requires a hysteresis data

base sufficient to model the post-yield position and size of the yield surface. Moreover,

reverse yielding intensifies the already formidable stress gradients near the edge of the

hole and may require more sophisticated elements or refined modeling in this neighbor-

hood.

4. CRACK GROWTH PREDICTIONS

Current methodologies for life predictions are based on a crock-growth -damage integration

package that has a data base and analysis to interrelate the following elements: (a) initial

crack geometry, (b) applied stress spectrum, (c) baseline crock growth rate and other mate-

rial data, such as or and K c , (d) stress intensity factor solution and (e) load-interaction

model. In this section, the predicted number of cycles (or flights under the spectrum load)

are compared with those counted in the test of aluminum and titanium specimens subjected

to constant-amplitude, bomber and fighter spectrum loadings. There is no existing method-

1* ology which is capable of accounting for the interaction between the residual stresses

created by the ove load in the spectrum and that created during the cold-working operation

or the installation of an interference-fit fastener. Therefore, no attempt was made to pre-

dict the crack growth from these types of fastener holes under spectrum loading.

The predicted results for cracks growing from an initial size, ai to o final size, af, ore

normalized by the corresponding test data and presented in Table 41 for constant amplitude

loaded specimens und in Table 42 for spectrum loaded specimens. For specimens tested

under spectrum loading, the predicticons were madc usin~j the linear accutmurtiot techinique

and three different retardation models included in the computer program, "CRACKGROWTH,

available at the Lckheed-Georgia Company. These retardation models ore the original and

modified Willenborg et al models ( 4 1 ' 42) and the Hsu model ( 43 ). The constant amplitude
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SECTION VI

0\'SERVATIC'NS AND CONCLUSI ONS

SaseJ on the analytical study conduicted under this pm.rorill , the ol lowint okI atis

and conclusiuns have~ been miade:

(1) A Green's-function approch has been dove loped for estimating thle stress intensity

factors fol straight through91 cracks emanating from oiny typo of fastener ho Ic. The

opp; ac h conlsn t oft two stops: fi, st , a nlonlil(0 neltinif te tI t 5010i~l) tog t11V Vit'l

plastic stiress field apploptiatr' to the. untlawrmd hole i% klneratmd; niext, a crock is

1 nh oduced inl this sti ss field by iomlov inj thle ho ctions cn the crack faces aInd caipu tillng

the c oirespondi nt stress intensity f0ac toi si ll~ Ote C-I c Otl'S-tun ti Oil 0ap1-% 00C1 h

(2) Whon the applied for-flold stress excoods about one third of tho niateriol yiold

strength, local plastic deformation begins at fihe edge of anl open ho Ic. The

nomiailize: stress intensity factors computed usirm the Green 's-function approach

is lower han thle Bowie factor obtained for 'he purely elastic case. As local

yieldirng proceeds, suchnormalized factors decroase as thle far-field appliod stress

increases. When the crack length is longor than one radius of the hole, this plas-

ticity effect becomes negligible.

(31) For the cases where the crocks emanate from interference-fit fastenor holes inl both

alumiinum and titanium alloy plates sub jected to constant cwiplitude far-field

loading, the computed effective stress intensity factor ranc s, K - r

essentially constant and indopendinnt of the level of diametrical interferonce. How-

ever, the effective stress intensity factor ratio, R ff -K min'K ,ox does depend

upon the level of interference. For a crack length less than one radius, Rf docreaoses

rapidly as the amount of interference increases. Wi~en C1 'r > 1 , Rofremains almiost

constant as the amount of fastener hole interference increases.

(4) By idealizing a crack em~anating from an interference-fit fastener hole inl a plate

subjected to constant omplitudie far-field loading as one emarating from a 1fastanor
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hole without residual stress and subjected to vat loble ampli tude locding which pi cxuces

the some AKeff and Reff, the predicted crack growth history correlates reasonably

well with the test data.

(5) For the cracks emaatngq from cold-woiked fastener holes, the shess intensity foc to;

corresponding to a given crack length increases as the amount of cold working dcecreases.

The stress intensity factors at cracked cold-worked open and close tolerance fastener

holes are practically the same. However, with a small amount of fastener load transfer,

the corresponding stress intensity factor increases significantly. The computed stress

intensity factors correlate excellently with test data reduced from the testing of aluminum

and titanium materials with large initial crack lengths.

(6) Theoretically speaking, if the crack length is smaller than the compressive zone

resulting from the cold-work operation and the cpplication of the maximum cyclic

Io"d, the crack will not propagate under constant amplitude cyclic loading. However,

the experimental data negates such a conclusion. It is suspected that the relaxation of

residual compressive strains due to cold working occurs, and after a period of fatigue

cycling, the net hoop stress reverts to tension upon the reapplication of the maximum

cyclic load. The existing methodology is not capable of taking such relaxation into

account.

(7) The Green's-function approach developed here can be easily extended to study cracks

originating at any other fastener-hole combination.

(8) The approximate stress intensity factor for a quarter-elliptical crack ) manating from

the corner of any fastener hole can be derived from the correspond'Ing thru crack

solution. Th computed stress intensity factors show good ogreernent with the data

reduced from tisting.

(9) The stress intensity factor for a double semi-elliptical embedded crack originating

at open hole has been derived from the modification of a surface flaw solution. The

correlation between the computed stress intensity factors and those reduced from tests

using thie tatigue crack gro,,th nethod of calibrating K is good.
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(10) Curvent moth.is of predicting crack growth under flight-by-flight spectrum looding

can not be easily extended to predict the growth of clocks from pie-condit'onled

fastener holes (such as cold-worked ond interference-fit fastener holes). This is due

to a lack of understanding of the inteiactilon between the residual stresses cleated due

to pre-conditioning and the application of an overload.

Based on the experimental program conducted, some of the ob-ervotions and conclusions

made may be sunmiam iced a s tollows:

(1) Fatigue lives of untlawed tlstener holes having about 10% of tastenel load tianstel

can be increased through the use of interference-fit fasteners. The fatigue life of

o cold-wolked hole is compoloble with that of a close tolerance tostener hole it each

has the same amount of fastener load hansfer.

(2) Both corner cracks and embedded flaws are the most commcni types of natural cracks

initiated due to fatigue cycling. The shapes of these natural cracks are respectively

very close to quarter- and semi-elliptical. These shapes hlave been assumed in most of the

analyses. Surface laws near a fastener hole having a high level of interterence fit

are also possible origins of natural cracks. This is true because the peak tenisile sheses

(during both loading and unloading) ore located some distance away from the hole

wall.

(3) With a preconditioned fastener hole (such as diametrical intei fel ence or cold workinl,

the crack growth rate, in general, is significantly lower than that of a straight reomed

hole without preconditioning.

(4) For corner cracks emanating from straight reamed holes, both with and without cold

working, the growth rate along the hole \vall is larger than the corresponding rate on

the plate surface. Hence, the final flaw shape ratios, a/c, are greater than in all

the cases observed here. For similar cracks at interference-fit fastener holes without

fastener load transfer, the final flaw shape is close to quarter-circular which implies

that the growth rates are practically the same on both the hole wall and plate surfaces.

However, with a small amount of load transfer at the interference-fit fastener holes,

the final crack dimension on the hole wall is much less than that on the plate surface.
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(5) Data scatter is large in the tests of cracks emanating from cold-worked and

interferece-fit fastener holes. For the some type of far-field loading, such

scatter decreases rapidly as the crack length increases. For a given initial

crock size, if the applied load is too low (resulting in the effective .' K being

sm aller thon or close to AK threshold), one may anticipate that the gro..,h

behov icq t such 0 CI ac k oNld be essentially the sarme a that ot o fati JLe . ithiOLut

an intentional taw.

(6) The effect of 6 to 10 percent fastener load transfer on crack q: o ,th rat's is mc e

significant for cold-worked holes than c)ose tolerance fastener holes. This effect is

practically negligible at interference-fit fastener holes.

(7) Data scatter obtained from the fighter spectrum tests is larger than that correspmonding

to the bomber spectruri tests, \hile the results of constant amplittdt, tests show the

least scatter.

(8) For initially intermediate and large crocks emanating from interference-fit fastener

holes subjected to the same type of for-field loading, within the levels of interference

studied here, their associated growth rates are practically the same for each level of

interference. However, for small initial cracks, the crack growth rates decrease as

the amount of interference increases.

(9) For cracks originating at cold-worked fastener holes, the crac' rowth rates decrease

as the amount of cold working increases.

(10) For a given load spectrum and fastener-hole condition, the equivalent "threshold"

crack length can be established from the testing of small initial cracks, ,rom which a

qualitative comparison between different types of fastener holes can be made. The

equivalent threshold crack length is spectrum dependent.

(1 1) The beneficial effect of the residual strains (created during the installation of

interference-Fit fasteners or during the cold-working operation) onretarding the fatigue

crack growth is most significant when the crack length is small. The benefit decays as

the crack length increases.
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SECTION VII

RECOMMEND)ATIONS

Based on the sludy conducted for this program, it was foutid that certain .)Vsirab le

inkormation could not be obtained from the material available. The subjects listed

undler this section might be considflred for inclusion it) 1vture Air F(cqce R&P peog11(1111.

(1) The beneficial effect of the cold-working operation on) the fatigue and crack growth

characteristics has been demonstrated basod on test data gtnerotvd moot1 v mil er tensin

tension loading. The interactkin he t\\ven both ovetloods arid c ompressive ki ods

ill a Sp"'Cti-urn with tihe residual c ompr essive hoop s trese, i ord o i Lstvnet holv ivmilnt -

ingi from fihe c old-w cl. kingi opertltionl Should [V in)veStigated ill more0 detail . Lim t;ed

data available to date seemns to indicate that they might negate SUCh beneficial effects.

(2) It is suspected that the residual compressive hoop %tiesse's resul ting flor Hte cold- orking

operation may be relaxed significantly, even under constant amplitude tension- tension

fatigue loading. An investigation should be conducted to answer why anl initial crack-

much smaller than the compressive zone resulting from the cold-\vo.kk n open ationl ond

the application of the ma\ imuri cyclIic load- _gv\ undef cyclic loads.

(3) Only one constant amplitude load level Was used in the tests of cold-worked and

inter ference -fit fastener holes. Since the resultant local s tresses aounvid fihe hole, ate

sensitive to thle far-field applied load, more far-field load levels 0hould be osed inl o

fu ture study. This future study is needed as all intermediate step toward devel opi ncj

the miethodology for analyzing the crack xowth behavior' under spec hum1 I oaldinq tb

these types of fastener holes.

(4) A parametric study should be conducted to establish the relatienships between the crack

growth characteristics, the amount of fastener hole pre-condlitioning and the for-field

applied loads. Such a study is neceded to all ow the selection of (1n optimumil tastene:

system for critical l0otions in) a structure.
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j Figure 85. Growth behavior of Corner Cracks from Open and Close Tolerance
Fastener Holes in 2219-T851 Aluminum Alloy Plates Subjected to
Fighter Spectrum Loading
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Figure 86. Growth Behavior of Small and Intermediate Corner Cracks from Interference-Fit Fostener Holes for Vcrious Levels of Interference it- 229-T8; AluminurAlloy Plates Subjected to Fighter Spectrum Loading
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Figure 87. Growth Behavior of Intermediate Corner Crocks from Level I Cold-Worked
Holes in 2219-T851 Aluminum Alloy Plates Subjected to Fighter Spectrum
Loading
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Figure I111. Cyclic Stress-Stroin Curve
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Fiure 124 UnfIowed Stiess Distribution Along the x-Axis in 6Af4V
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Figure 128. Unflowed Stress Distribution Along the x-Axis in 6AI-4V Beta Annealed
Titanium Plate Caused by 0.0034 Inches Diametrical Interference and
Subsequent Far-Field Loading
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Figure 129. Unflaoved Stress Distribution Along the x-Axis in 6A1-4V Beta Am~ealed
Titanium Plate Caused by 0.0042 Inches Diametrical Interference and
Subsequent Far-Field Loading
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Figure 130. Unflowed Stress Distribution Along the x-Axis in 6AI-4V Beta Annealed
Titanium Plate Caused by 0.0050 Inches Diametrical Interference and
Subsequent For-Field Loading
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(a) (b)(c)

Figure 134 Schematic of Linear Superposition Method

a

Figure 135 A Straight Crack Subjected to Two Pairs of
Concentrated Forces on the Crock Surfaces
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Figure 136 A Double Radial Crock Emanating from a Circular Hole
Subjected to Two Pairs of Concentrated Forces on the Crack Surfaces

1 1
!b

Figure 137 Idealization of the Hole as a Portion of a Straight Crack
When the Applied Forces Are Close to the Crack Tip
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Figure 138 Normalized Stress Intensity Factors for a
Double Crack Emanating from an Open Hole
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Figure 139 Normalized Stress Intensity Factorsfor a Single Crack
Emanating from an Open Hole
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TABLE J - SUMhtARY OF CONSTAN) AMPLITUDE FATIGUE TESTS ON
2.I'y- l1ib ALUMINUM SPECIMENS WITH o - 18 I an i R -0.1

0 wo, Foltene-1 -C---I-0s H
",IJ . .. ... ... ;. e ran-% lemarks

H .. Ie C.fn,.tf e r- Inereren. Locd Tronifer Hole ApplI ,edNumber

Tye Inchj 0c,

- -None 3- 840 , -0.060 I A-CAF-1-2

None '1- 14 F4,40 I ACAF22

1 CT 0 #1 53,200 cc, c -0.21
"  A-CAF-3-1

I Fail 66200 1

I C 0 '2 80,210 2cc, c1 :0.02" A-CAF-3-2
II c 2 -- 0.07"

IICT 0q 3  60,300 cc, c - 0.04 & A-CAF-3-3
c -0.23 - 66200

C f 0.98 'I 6,570 Foil A-CAF-1- I

CT 0. 7 "2 1 52,450 2cc, c 1  0,20" A-CAF-2-1
c 0." 25'

lntfferenc e F;' t L 0.0038 0 I 1,0510 OA) Failed in (rip A-( AV, 4-2

TI 0.0038 0 "2 13,741,020 Failed in (,rip A-CAF-5-2

TL 0,0038 1.00 'I 85,240 Fail A-CAF-4-,
TL I

IL 0.0038 10 '2 404,230 Foil A-CAF-5-100 ---1.0 e aCF--
Cold Worked 2.2%0 None 167,200 EF A-CAF-6-1

22% None - '2 165,700 cc, c -- 0.01 A-CAF-6-2

2 2",, None - 3 164,400 Fail A-CAF-6-3

22 , Cy 0 '2 436,060 2cc, c- 0.43" A-CAF-7-2

Sc2 0. 0
3 "

2 2% CT - 0 '2 275,250 Fail 4 A-CAF-8-2

2.2% CT 1.08 I 136,630 Fail** A-CAF-7- l

1.0 22% 2 C1 96,500 cc, c =0.13 A-CAF-8 -i

cc - Corner Crock CT - Close Tolerance TL - Taper Lok
2cc - Two Corner Crocks EF - Embedded Flaw

Two corner cracks located on tre some side of the Fastener hole. When the crack surface was opened, a large embedded flaw
was found.

•" Started from embedded flow.
= Storted from a corner crack.

Crock originated on the surface away From hole.
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1AStt 4 - SUiMARY OF CONSTANI AMPLITUDL FAIIGUt IESTS ON
6A4.4V STA ANNEALED TITANIUM SPECIMENS WITH a - 4 Lsi nnd R 0. 1

Fovoener
HCold w.ik Level nf' - don r bet typo Test Hole

I.~I C~ .nLevi Ich o Hole Applied Remnrk, NumberII
None - D1  76,590 Fail' T-CAF-I

None 2 93,320 cc, c - 0.13" T-CAF-2

Cl, Tolerance, CT 0 1 100,200 cc, c 0.047" T-CAF-3-1

CT 0 I2 83,320 Folli T-CAF-3-2

C I o #3 80,790 Foil* T-CAF-3- 3

CT 1.07 'I 33,420 Fall T-CAF-1

- CI - 1.08 12 30,320 c, c 0.026" T-CAF-2

interfe,en,.e Fi, TL 0.0042 0 #1 981,790 Foil In Grip T-CAF-4-2

. TL 0.0047 0 ? 1,014,380 Fil T-CAF-5-2

T IL 0.0042 1.0B 81 187,310 Foil' T-CAF-4-1
TLI 0.0042 .97 12 357,070 Foill T-CAF-5-1

Cold ..orked .6. . - - 1 122,790 Fol * T-CAF-, - I

- 2 133,010 cc, c = 0.14" T-CAF-6-2

- 3 226,520 Fall T-CAF-6-3

1.6% CT 0 #2 99,670 Fall e  T-CAF-7-2
0 t2 110,520 =c o0. 37 " +  

T-CAF-8-2

1.6% CT -1.05 41,960 Foil' =0.5" + T-CAF-7-1

L 0.95 #1 36,670 2tc, 20.3! TCAF-8-1

cc " Corner Crock CT = Close Tolerance

2cc - Two Corner Cracks TL = Toper Lok

Started from corner cracks. Ic = Thru Crock

Starred from embedded flay.. 21c Two Thru Crocks

est1
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TABLE 5 - SUMMARY OF INITIAL CRACKS ( OR ORIGINS) OF ALL
CONSTANT AMPLITUDE FATIGUE TESTS ON BOTH
ALUMINUM AND TITANIUM SPECIMENS

CORNER CRACK EBDE

HOLE CONDITION OTHERS TOTAL
...._ SINGLE DOUBLE FLAW

(a) 2219-T851 ALUMINUM

Open 2 0 0 0 2

Close Tolerance 2 2 1 0 5

Interference Fit 0 0 1 1* 2

Cold Worked 4 1 2 0 7

Total 8 3 4 1 16

(b) 6AI-4V BETA ANNEALED TITANIUM

Open 2 0 0 0 2

Close Tolerance 2 0 3 0 5

Interference Fit 3 0 0 0 3

Cold Worked 4 i 2 0 7

L Total 1 5 0

* Crack originated on the surface away from hole.

AI
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TABLE 6 - SUMMARY OF SPECTRUM FATIGUE TESTS ON 2219- 1151
ALUMINUM SPECIMENS

(a) BOMIR ',I'[( TRW1

HtkLL FASFLN.ER LOAO No,. OF0FLIGHTS RLMARKS lEST 110IIC)NfIT I'N TRANSFI , 1.D NIIMlI R

NA 226.1 Fn i l 9 , II' - I

1850 2r:, c 1 0. O)t A-I F-' '

1 M6 3 Fo9iI A- I -I

C, I.e'- 1.0 1 0W l c , ( 0, I" A-BSr-o

1.12 1313 Foil A- SI-./ 'I

1.02 12y, FllI A- R ,

I,rf,.r,,m e-Fit 1.01 '.'611, t:, oi 0. .1 A- VI -1

, *99- ,9.) . h1I I 219 I).1I ",' ,I 0.1 " llI' ,% I,
(2,. ,(" ) .'V 16.1 ,  

1901l * ,\ tI',I -1

(I) IGIl IIR "Ps1:( IRW. '

HIOLL FA,TLNIR L A0 No . r" ] Its] itOi
C ,ITION IRANSULR, , 10 Il RE MARK NIhIt R

AI I. I L1

00 36S9 I' 1e.99 03I *.511

I I'''

1.0, , . ,; % -1 9 1

I ne I9 9t~9fl ,""I i I (:.3 . 9 ; 1, i F ,\- ',

hi

I),C' ).,ilF') I 9,1 F,1 F l 9,i -, \- I ". -,4

?.m.I-\V,, .,9.9] 1.ev1 I ffr;l .1 .1-I"SI-Im

*.'., t', 9 [9999 9 .Q 1 .199,9' , I" '.- S -',

Best Available Copy
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TABLE 7 - SUMMARY OF INITIAL CRACKS (OR ORIGINS) OF ALL
SPECTRUM FATIGUE TESTS ON 2219-T851 ALUM INLUM
SPEC IMENS

CORNER CRACK

HOLE CONDITION -EMBEDDED OTHERS TOTAL
SINGLE DOUBLE F LAW

()BOMBER SPECTRUM

Open I 1 0 0) 2

Close Tolerance' 1 0 3 0 .1

Interfurenco Fit 2 0 0. 0) 2

Cold VMbrked 0 0 2 0 2

Total 4 0 5 0

(b) FIGHFTER SPECTRUM

Open 0 1 1 0

Close Tolerance 0 0. 20)

Interference Fit 0 1) 0 0

~Cold Worked.......2 0 0. 02

LJiali 0 Y



TAhIII H1 SUMMARY Of SFWCTIM FATIGIJI' TESTS ON 6AI-4V DL TA
ANNEALFD TITANIUM SPECCIMENS

()BOMIRFR SIrC TRIM

tI~iASIlNLR LWAD~ NO. Or TEST 11OLE
IIIIIO RNARo. FLIGIIIS RTMARKSi NJMIIR'

F. OL"IION RANSIR, ' % APPLIED

NA 1/ c,,L-0.09?" I-BSF-I 1'2
21) Fail 0-7-2'

.00 141;2 3Cc., C I-- C2  c 0.02" T-BSF-3

k ot .00 1.14W Fail ' T-BsF-? #1

I. 1)5.36 Fail it T-BSF-5

I1A) 1473 cc. C - 0.036" TBSF-6

1 .0 1 54? Fail ItT-8SF-4

Iartrr1 '-~ 00 5410/ Fail I -B SF-7

10.004'-) 1.0 Al6 3 v,, c- 0.07,Y' T- SF- 8

1o~-\reII.00 1 B0/ Fn;If T-BSF- I X

116).00 1214 2c c , 1 -10,.029", c 0. 051' I-BSF-?X

(10 FIGHTER SPECTRUM

I 0L FASTINLR LOAD NO. OF TEST HOLE
CONDITION TRANSFER. Q '.V FLIGHTS REMARKS NME

APPLIED 
NME

Ope n Norio 867 Fail of T-rSF-2 '2

701 cc, C - 0.10o" T-FSF-I '2

C lot* - 1.00 526 Foil *T-FSF -21#

Tolorcnte 1.00 /701 2tc, o 0.4", (12 z0.5'" T-FSF-I 0 1

lnt.,rforence-Fir 1.00o 2056 Fo;! T-FSF-3

(0.0042") 1.00 714 Foil f- T-FSF-4

Cold-Worked 1.00 313 cc, c 0. 033" T-FSF-IX

(1 .6%) 1.00 466 Fail *T-FSF-?X

* .-CornFer CIO, I, cc Two Corner Crack%

It - rO~~h Cfra:k 3c c -Three Comner Cracks (two localthd oil til ,1, % ide of thle

*Starrted frr rnbcdedi f low foa aer hole)

Started Ihorn doeaeI corner crack

Best Available Copy
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TABLE 9 - SUMMARY OF INITIAL CRACKS (OR ORIGINS) OF ALL
SPECTRUM FATIGUE TESTS ON '5A1-4V BETA ANNEALED
TITANIUM SPECIMENS

CORNER CRACK EMEDD OHR TTA
HOLE CONDITION OHR OA

SiNGLEJ DOUBLE FLAW

()BOMBER SPECTRUM

Opn2 0 0 0 2

Close Tolerance 2 3 1 0 6

Interference Fit 2 0 0 0 2

Cold Worked 0 2 0 0 2

Total 6 5 10 1

(b) FIGHTER SPECTRUM

Open I 1 0 0 2

Close Tolerance 0 0 2 0 2

Interference Fit 0 2 0 0 2

Cold Worked 2 0 0 0 2

Total 3 32 0 8
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TABLE 10 - SLJIMMARY OF CRACK GROWTH OF PART-THRU CRACKS FROM FASfrNER
HOlE tEStS FOR 2219-T&SI ALLMINLM ALLOY PLAIES SUjI.ACTED tO

CONSTANT AMPLITUD[ LOADING

CRACK SPECIhN T HOLE FASTENPR FLAW SIZES. IN. NO. OF RAW DATA

G Bkt PTRY NO. To t[ . ... .. kS5 CYCLES REMARKS IN VOO ND1O
TF LANDNO. E N INIIAL FINAL R- O.,1 APPLIED TABLE NO.

CT Yet 01004 0.168 54,50W (11

A-A-I 2 Re.aed C I Non 0,003 0.199 1B 94,51)

3 Non. None 0,.00)3 0.176 94, )

I CT Ye 0.003 0.179 44,000 (1)

'AR enaed CT Non. 0, 03 0,0172 1 79, SIX) 2

3 No No.- 0.11()4 0.235 7 9, XV

I T L 12 Ye 0.048 0.161 94,000

A-CA-3 2 NCW I L I I No.. 0.038 0.168 IN 38,0. { 3

3 CL 2 No,. 0.056 0.280 94,000

I TL 12 Ye 0.037 0.168 4, 000 (2)

A.-C A -4 2 e-d TL C I Non. 0.05 0.055 I4 1 9 , 0 0 11

3 C I L N 2 Non. 1 0.043 0.0MI 79,015. IK

I CWp-d I T C13 None 0,054 0. 165 1 .0XX (11

A-CA-5 2 CW 13 N Non,. 0,054 0. 15W Inl 3,/0,0 7Xx

3 CW 
1
1 Non. No,. 0.055 0.105 370, LXV3

I ReCWII TL Y3 No. 0.055 0.115 140, 000 (1

A-CA-6 2 CW 3 Non Non. 0.054 0.05S il 15, 0(0

3 CW :I No Non. 0.052 0.06 . I 1,10 I
I CW*I C' Y. 0.04 0.165 I'01,(

A-CA-7 2 CW # I C' Non. 0.04 0. 1k:o is 210,(0 7

3 CW 12 Non. No,. 0.045 0. L45 270, 0 (

I C W 1 C T' Y e t 0 . M 04 . 1 2 .15 0 0 0 1 17
A-CA-8 2 CW 'I C Non. 0.056 0. 120 il 510 1,003 cw 02 N .... None . 039 0,067, 515, (K)O

I L 12 N... D. 056 1 95,310

A-PO-3 11 Re-a-ed IT. 12 Non, 0.054 .18 18 2,00I (I

I Cw !I Nn. Nn 0.059 0..,410 3o, (vo, 1 (2)

(11 C~ock of this test hole was Inlenlionolly maetonled fotr opplicallon of n-bh. of cycle. shown.

(21 Speclmen folle through thIs tot NoI..

(31 Nuamber following "I" indlcote level of cold wo, o, tmenco. (loT,61. 14 o,1 15)

"est
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A-C:A-9 CII. 000t0-6 ... d C T N,. 0.00110 01.6644 20 3, 400) 1

N-.. N,- 0.0067 0. 11V I30m

I.- kJ-, 0 0 084'6 x
A-C -1 2 R - CI N., 0. 00,79 0,53V 4 .42L

(±. N- - 009 0. 32 , 5 1.
A-CA-11 R. 1--d IT #I N,'". (3)-

I..- 43 Y., 0.004 0AX03 235,0013
A-CA-11 R..,.. I 1 1 N1,. 0.00 W .5 0 191) Is 3 255,M 1.1

1. 2 -&-. 0.004 0.0M6 53, 55)

C R...,-d TL 03 N,.,. 0. 006 ,1. 6V sk), kxx (I)

A-CA-h 1. Cw #I N-.. N,- 0, t.3 0. 4M Isl 6?, 1553 I1), 14

.1 ow 0.1 f,4... o..'.. 0.0110m 0,jx7 v,15

1 1-4.~. 1L1 N,- 0. tv4 (1.01$ 9o5

A-CA- 14 2 Cw #I N.-&.. N.'. 0.003j 0, IS;' IS '06 1' ), (2)11

3 CW 03 t..&.. N.4,n. 0.00X6 000 it)611

I R...,. TL 01 N.... 0.034 0.21 10.05 M)

A-CA-3 2 Cw #I N-', ?1",.. 0.0.57 0. 1 e,$ In 10,1 ) II) I

IIt #1 N -.. 0.0.113 0,6: 27lL

A-CA-Il6 2 II,..oJ It f:I N-n 0.0136 0.408 2 7,15 RAI

3 jT1 43 No-. 0.010 0.41.4 7, KV1

1 R0o... T1 03 14.., 0.103 0.2 *155 -s'.

A-CA-17 2 Cw #I N,,,,. N-n 0.15S 0.563 IlS 11,5S1v (1) lit

I 3 1N4- No- 0.1le 0. 1 5 40,5("0

1 R..,d I 03 Nvw V 1041 0..536 1 0,."w (1), 2
A A-10 2 W tN... ... 0.146 0. 40 is 71,(W5 (1) 1

3 W c#I . N.- 0.144 0.3 1 SO mv

CI5~~ NV.. 0.032 0.2122 is 50 2 I, ( 2)
A-CA-19 N-W4j C No.n. 0.0OS l~)) I.6 It l,1~ (Il

I-c #I ICY N. 0.0410 110 1 I'M) 1)

A-A-02 - V11 C t& 0.041 0. .10 18 14 (55) (1)
A- OW ,l I N.'.. 0.0413 1.0 7 1.55 A ) )

I W~ N... it.. 0.O' 01"I7 0

A-CA-21 2 cwI ICI Non. I)13 j). 31 111 101. XX (1) 2

J 3.. Cw [ 0I.. LNI- tk o 0. 1231 -10.14.6 I
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3 No.,. None 0.0 I.) 0 l. 02. .I110

0! Y $ 0.0111 .l v (1l, 3
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3.. I I'I N.0. .XM'4 0. (V I . x.

I -CA- II Le .W I .I N . 0. ,11 0.1111 W,1 V., ,10 4.

IIcw f Y L iLI.0 LI . 14 ' 0 (I I

I-.CA-I3 7 CW II CI N... LI 0. 111 4) 12.%1A. 44

.4 Cw 1 NIII . N . . L. ,.'? 0. I941 4, Mill)

I (7w $I c I Yet 0104 0..' 'MS ~ InI

I (7W 01 CI Yet 0iLI L. l 114 c1, xv .l

I-CA-1 2 cW #1 cI N .d 0. ILi Li, 1'1 3, %1%) ( 4.
.. ... III. Non N, . .IL . . . .4q

I CW II I . L1.N Le. 0-116 4, xv~1 l

I -cA -I) o I cw #I cI No,* . 1,41 0.' A1 4,Al Il 4

3 c wf I No.,. Noo.. LXII CO L0. 1tI , 4, Xt

I CW I l .. I l' 11 L. VI1 1, .X)

I-cA-II . W 'I Cl N,.). . I1II.9 0. 34V' 4,1 1, m 4

3 CW l None N-., 17. 4A, 0.114(1
I cw #I CY Y.. 0.I.1" 0.92 wl4~

Ic A -I' 2. Cw It Cl No.. 0.IM 0,. SV 401 14'Xl 4V1

j CW'I No.,. No... 0. IM 0)..4 SImL

I RCW It .3 N L',, P 0 0.A11 SOO,(41

laA19 2 WI l 3 N,. 0.01, 1 ) I 1 ?,,.,), 49

3 (:w It N,. Noo 0,00 0. V..1 76 .ft'x' ( 11

I CW 03 NN No. Li.111 L . 1LW | 9, (.I 1I ~ .. J it 03 NSi,. 0. 1 W i0.I' 2'1 , AX) (I

I-CA-11 Ro.o~ 14. 13 None, . 111, L.'.' 40 2 1%,LiNX

3 cw 02 N,'., N c.. 1.114) L. 13 .I, AX) (I

I CW 
1

3 No... N . . 174 " 11.2 / I,% Ill

Y-C A- 22 2 CW 113 No..e Non. 0. 1 .%47 / 0 4,) 5. 511.1 k O3

3 cw #2 No... No. O.I33 0. AM 01, xv (1

Best Available Copy
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AW(ILOt LCIAVINGO 1nvd

cqk(Ik 5 c11 4 ! ASTI. -tR FL AW -SIZIS, IN, 
1 
M. NO. 0; S AW OAfA

Gt~l. tvI N " C ONI'I Is LOADED INITIAL FINAL R 0 IPO tILE NO.

I CW 2 N,-.. N... 0.0.14 0,110 Is.9gm 84
IFl W2 oe No 0.1 .6 40 5,w

It #Ion No.,. 0.013 0.063 13,3001
-C - C1 2 2r~r, 14

iiII None 0.011 0'1021370

I TL. 2 N.,. 0.01j 0.190(1

±~n0 I
It TL2 N.. 0.01, 0. .423,M

11 Crock at hI toyst hole n. inte,,tio..olly elo,,Ied Jolts, opplk..Iion of nyn'tw' of cycles 'ho..

121 Sprir..e foilw th'" Is Phl. test Kole,

(3$ Speclmen failed in lire grip.

(4) Nsowben Follo.in Indicate level of cold e-kl or intrfervrice (Tables 14 'ecd I5).
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FOR U I V- I VLS AILIMINLIM AtLLOY PL A I S SURA CtCT(1 10 80MIRR PLC I RtIm
LOADING

(I ~ItNT SP~I' ~FASINtN FLAW SIIS, IN. NO. of RA11W 1)616CRALk S- C--. Hl SI't( IRt)M I t IGItS RL AMI, S IN VO1 )LLAik'M To NO) I)t (ON0lIION 19 LADO NIA INLAPPII ID I TANIL N.

C yet5. 0.0101 0.51.10 38 I

A-PS-s 2 11--,d C T 1N.... 0.00190 0.547 PnI. 532 65

3 Non, No., 0,0134 r),465Y 532

IIL '2 Y.. 0.0045 V0403 2 ,5

A-IBS-V 2 lp oo.. TL. *1 No.- 0.0045 0.465Y ko.4,., 1,040 (1), (2) 66

3 it # No.,. 0,0045 0,0370 2,505
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3 TL #2 No-- 0. 004 5 0.0045 2,40

I CW #I CT Y., 0.0045 0.2755 )00 () 2

A-IS-I 11 7 CW #I CT Non, 0.0067 0.2822 So.
1
,. 1,264 61)

3 cW 41 No.- No. 0.0034 0.1814 1,264

I cW$I CT V.1 0.0531 0.3651 r 442

A-PS-12 2 :W it CT Nono 0.0593 0.2267 S
1
.6- 442 69
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1
., 440 71
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A-.-~ 2 CWIl ci Not.. 0.1595 0.4647 lonI,.. 168 72

3 cw #I Nn,. Non. 0.1496 0.4499 3681

I Po... TIt 3 No... 0.03.16 0.0874 1,1140
A.15S*.I 2 I.,I No.1 .M. 0.0381 0.2834 &-n4., 1,1140 73

3 CW 07 Non N-... 0.0493 0.2762 917 (I), (2)

I lto...l TL 03 Non 0.0448 0.0714 2,120
A -IS 1711-l I 3 No.. 0.0246 0.0246 Po..b., 2,12.0 74

3 ..... No. No.,. 0.0616 0.44581 2,023 (1), (2)

I -. CW Non. 0.1370 0.2310 1,140

A-611- Is 7 CW3 N .,.N-. 0.1470 0,2290 fonbbpr 1,140 7

3 2 Non. No... 0.1400 0.3990 711' (1), (2)

A-IS-7X I .I IL 02 Yea 0.0372 0.3506 &-beL,, 1,407 76

L -1F
1211 Ro-d 1[ 02 No.- 0,0246 0. 3405 3,79 4 (2)

(.1) ~ ~ ~ ~ 0 t....a ohnIg o nlf,. 1-0.o aOl.d. o1k l.f.1.fo,..,. (I1,1110t 14 01od IM).
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3 - #10.711Iy

cw ~~ a . . -560.51 -- 4
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?Akt . 'ikAtMAIN 01# IAIL k 011%lW111 OFt PAllRI* Thu CIA( k s. IKL'A Ithl 1101, II it '.1'
P%14 aI *4V It 1A ANNe Alil I SIANItIAI Aj(W P1 AUt '.IS Ill ITO 10 F101111 N

Wit( 111041 I APINC.

tA~ I ' It%?~N IA',ILtM FLAW SIMt . IN. No 01 htAA' ('AlA
NR4'L ( IA.N N 'o SILL INULM FL Illj M LPMAROIS IN V01I , 1

t"1vv N).. 0NV I KI Vt t'Ali 1) INIIIAL FINAL APILt It1 IA11I I N40

I '. ~ N. 0.00.16 0, 0, F.hlo 5.11 II) t

.1 N'.' Non.. 0.00356 0 ((MV

]IIt Y2 ., o.o(.I , . ;Y.1.4 4l 1i SI

it'.. I t* 0,~n (..14L13 0.143 Fiho 4114 , I 1 i,

.1 I. 42 Nr*- 0.0470 0 16r 1.14

It o" -Y . _ 00 16 0 'Sj1

T.F%*.1 : o". It I N-on 0.0549s 0.. 16Wh filo~., 50' 11.

3 IL N " 0,03SH1 0. ', 0 .105 N I

ItAIV N.1 N*... .. 0w.l 3,530,' II'1,10 1 11

I ~ ~ ~ N 0. 0..6 I: ( . .~ 0,'.

: 3'. . N ".. 0 ,., 01246 i .1 I l A 2

I '.N . - 1).., 0 o.26181J'

C'.v 11 c, I Vel 0 .065, O.M4114 I RV I1). (2)

3 4:N.II o No'.. 11. Lvot;' J..125I54 61 P.' -1
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1 ltL 23 - SUMMARY OF CR ACK GROWIit OF I IR) CRACKS FROM FASIENIR HOLL
TESTS FOR 6A:-4V BEYTA ANNEALED IIIANIUI ALLOY PLATES S BJECTED
TO FIGHtiE SPLCTRUM LOADING

FA A 5-,. SfNE R FLAW SIZES, IN, NO. OF RAW DATA
k ~ HOL -. 1S t TES 1,01 1: SPEC TRUM FLIGHTS RELMARK~S IN VOL 11

GE Ohi IRN NO H O N
NO. C IONOIrN TYPE LOADED INITIAL FINAL APPL IED TABLE NO.

I C V., 0.00-,. 0522 31/

I1-FS-8 2 Reavled Cl Non. 0,0101 0.4659 Fight.r 317 122

3 Non.r None 0.0157 0.5096 296 ,I)

TL " ., 0.0(056 0056 325
T.FS-9 2 ,onn.c TL 01 Non. 0.0045 0.0045 F,,h,., 35 123

00 0 Fghts, 325

3 IL 0I Non. 0.0090 0.0090 2
I TI '2 Y, 0.0806 0.3629 226 (, (1)

I-PS-U Reed T. '2 Non. 0.0695 0.3170 Fight.r 269 (1) 124

IL None ), 06 .27231 37 .0

I CW #I CT y . - - (4)

1-FS-l1 2 CW #I CT , No- 0. 067 0.3584 Fightt 2M (I' 125

I CW None No.e 0.0079 0.3203 270

I CW #I Cl Yet 0,045 0. 756 123 (11

I-FS-12I 2 CW'I Ct No". 0.0090 0.3987 Fighter 279 126

3 CW /1 Non. N.e 0.0079 0.3147 279

I CW #I CT .
t  0.0112 0.338 156 (I)

1-FS-13 2 Cw #I CT No.. 0.0023 0.3214 Fighter 125 (1) 127

1 i CW #I Non. Non. 0.0079 0,3201 166

I CW#I CT yes 0.0370 0.3528 115 (I)

T-F-14 2 CW #1 CI Nor. 3.056 0.3147 Fghtr. 125 (1) 128

3 CW #I N,,,n. Non. 0.0246 0.3331 I1 K

I CW #I CT Yet 0.1210 0.4314 171

T-FS-15 2 CW it CI None 0.1658 0,480 Fight., 171 129

3 __CW I Nn., None, 01702 0.5197 171

I Rnoono3 I 2.Non. 1.0,W7 0,2352 618 (I)

.-FS-16 2 nd TL3 None 0.0269 0.3069 Fighter 773 130

3 Clt 2 None None 0, 0a03 0.3304 761 (I)

I Rearmed oL 43  None 0.0412 0. 3551 421 (1), (2)

4-FS-17 2 Re on . TLr 3 None" 0,023 . 0.1826 Fight., 566 31

3 CW 7 No-l NoIn 0.0638 0.h2o00 2341 (1)

I eW 3 None Nam.
1-PS-1B 2 ( . #I1 Non None Fighter (3)

Ctn:3 .n.LW Iz u Nn Non. .
()Cn at tis. lost hol.i w01 ItntionoIly retarded tifter application of nmot. of fight, Show.n.

(2 p~ni.fie h .thsts oe

(3) Eq.*nt .11-ionlo~d rlt2ng In the lots of Ipolenen.

(4) Th,, Kole wa% r,o..d too large for cold-.noLkntj and consequently w01 not tested.

(5) N,,rilbof following "ll Indicate level of cold wtcq on Inerferene (Tab~les 14 and 15).

289



TABLE 24 - SUMMARY OF ANALYTICAL PROGRAM,

NUMBER FASTENER-HOLE CONDITION LOADING CONDITION

I Open Hole Remote

2 Close-Tolerance Fastener Remote

3 Close-Tolerance Fastener Remote + Fastener

4 Interference-Fit Fastener None

5 Interference-Fit Fastener Remote

6 Interference-Fit Fastener Remote + Fastener

7 Open Cold-Worked Hole None

8 Open Cold-Worked Hole Remote

9 Filled Cold-Worked Hole Remote

10 Filled Cold-Worked Hole Remote + Fastener

~'1
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TAOLE 28 - FIGHTER SPECTRUM - STANDARD SEVERITY

LOAD LOAD
LOAD ("i LIMIT) CYCLES PER LOAD (% LIMIT) CYCLES PER
LAYER -MISSION LAYER - ~--MISSION

MAX MIN MAX MIN

1 63.2 I 17.5 10 34 103.1 5.8 1
2 55.3 1 17.5 9 35 70.8 3.4 5
3 70.9 I 3.4 1 36 47.0 16.4 4
4 28.9 13.2 13 37 46.5 -18.9 1
5 70.8 3.4 1 38 37.5 175 5
6 37.5 1 17.5 39 3 63.2 17.5 1
7 70.81 3.4 1 40 28.9 13.2 1
8 84.8 1 7.0 1 41 47.0 16.4 16
9 47.0 116.4 1' 42 .70.8 3.4 3

10 37.5 17.5 39 43 5.3 7.5 13
11 28.9 13:2 26 44 37.5 7.5 39
12 76.A 4.6 1 451 28:9 13.2 13
13 47.0 16.4 I8 46 47.0 16.4 18
14 28,9 13.2 13 47 63.2 1 17.5 5
15 47.0 16.4 19 48 28.9 1 13.2 13
16 76.4 4.6 1 49 70.8 3.4 1
17 55.3 17.5 28 50 47.0 j 16.4 19
I8 37.5 17.5 39 51 37,5. 17.5 39
19 63.2 17.5 5 52 55.3 17.5 9
20 47.0 16.4 19 53 28.9 13.2 13
21 37.5 17.5 39 37.5 17.5 39
22 70.8 3.4 1 55 28.9 I 13. 13 2.
23 63.2 17.5 4 S6 63.2 17.5 5
24 76.4 4.6 1 57 76.4 4.6 1
25 94.4 14.7 5 58 37.5 17.5 39
26 37.5 17.5 12 59 55.3 17:5 9
27 63.2 117.5 2 60 47.01 16.4 36
28 76.4 4.6 2 61 55.3 1 17.5 9
29 664122.2 7 62 70.8 1 3.4 3
30 63.2 17.5 10 63 84.8 1 7.0 1
31 66.4 22.2 4 64 63.2 17.5 t0
32 55.3 17.5 30 65 118.1 4.1 1 Every 6 Starting
33 470 116.4 7 with Ist Mision

I 66 120.4 1-14.2 1 Every lStorting

. .............. . with 18th Mission

ALOYLIMIT
STRESS (KSI)

Ti-6AI-4V A 61.8
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tASLE 29 - ISOM8U SPEtCt1 M STANDARD SEVERITY

LOAD LOADv LOAD (% LIMIT) CYCLES LOAD (% LIMIt) CYCLES
LAYER MAX - -M - MISSION LAYER t .... -. MISSION

MAX MIN MAX MIN

I -3 -15 23 34 I 0 1
2 100 58 I Every 100 24 24 13 4
3 9C 58 1 Every 10 25 72 8 1
4 68 58 1 26 56 1 II 9
5 58 45 1 27 38 19 10
6 69 65 1 218 99 53 1 Every 100
7 70 40 1 29 88 -12 lEvery W
6 56 49 3 30 75 53
9 51 24 1 31 -3 -15 I

10 63 51 2 32 85 i 56 1
11 51 43 1 33 88 51 1
12 69 36 1 34 53 33 !
13 36 13 1 35 62 53 2
14 48 36 6 36 53 46 1
1s 36 30 1 37 81 48 1
16 76 31 1 38 69 58 1
17 53 2 I 39 70 32 1
18 71 I 55 1 Every 10 40 45 40 1

19 62 133 1 41 59 43 5
20 51 40 1 42 55 46 29
21 55 13 1 43 -3 I -15 
22'38 23 6 44 -4 -14 1

LIMITALLOY STRESS (KSI)

AI-2219-T851 33.6

Ti-6A1-4V 3 A 70.0
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MAlM~t bI4 ~ V -. 1 NL8AhhK "'~ CY"I, C Ylts IISIID

114-108. It-' Reme N0 4 A.CA-l1.J 0.13,1 O..1 0lU 1W 44 5. ;

CT 0 A-CA- 10-.0 30W 3.8510 '11

I - Is A-CA-A- OOI 0.00 0,S IN, 5a, 15,8.3) 0.f

(i 1 3 0 AA?'%* fl F 16j0 - 0 ...

R..-.1 It 111 0 A-CA-7X-i 0,:50 0. 5w o~

IL ' 1 . 0.30 0,3. 0,660 1.4 .)

ti 0 is A-A17 0.110 0.3 1 500 ,14D) 11.814 1.01

'') 0 10 A.IA.7\.J 0.150 I0.3 W 3~3 8.814 0o.39

I.. L 3 0. 18 A-CA-17-1 0.00V 0.350 U. KO N. OW 1.01

8W0 - II A-CA18-2! 0.20 0.50 6 .450 11,M) . ?

CV 2 N-'. I$1 A-CA-27 0.108 0.30 133,50 1). v?0 1.6

Cw #3 N-.. 18 A-CA-5<- I 0.lob .. *. 41,4jo 60,1"o 1.45

CV # Cr 1.02 TO A-CA-21-1 0.168 0.30 5. 9w 3.842 08

'Z 1.03 is1 A-CA-22-1 0.160 0.30 5x). 5,W) 0. to

C.''. l*.i N.-.' 18 A-CA- 1-3 0. 00 5 0.150 10,.3 .13 1 0.3S

N-.. to1 A-CA-2-3 0003 o' I Y 64. ON 3 1 ..:3 0.4v

o I H8 A.C A -I- Z 0.0030. 1 W '0,60 45'.50 0.82

CT 0 18 H -C A.- -2 N S 0.I3 1 ) ,13 000 4,230 0::

C I o.8' w 4 A-C A - I 0, C0 5 0. 1 Y. S1.b0.) 3,8640 0.0

t I 1.03 Ill AA -. 0-I1 0,00 5 0. 13 13,3430 15e'40 0.47

4..y... It 11 0 is A-CA-J-1 0,0M8 0.1.10 08, 7v 46,140 1.63

IL ' 0 Is 810I 0.0%6 573 33,. .', l3
11 li III AP0~3-3 0,038 0.1350 808'. ON 15 1

I 3 0 18 .%.CA.8.1 0.03811 0. 1 30 100,00 511.1 0..30

it44' .4PF. ... I N.. 0 10 1 A-
8
.33 0.036 0.0 1 X, 60A 7 5, 4,0 0.'-4

Cl 0 0 A-Af- 0.01.' 0.3 1 8.34o3 71 3,4A) 0.11

CI44\ 0AT-N 40 1 CA- 0.20.0 0 .30 W. 13 0.11 7,

CT,1,. 40 1 -CAl- 3. . L'5 0.Al 3100 03,11 0.94

Re.'. I t) 40 T-CA-I3- 0.03 0.0J0 f'.85 5.510 .86

CI' 40 Y-C:A- 10-I 0. 05 . 1.%,x 5 W
4

N. 0.41

CI '2 0. 40 TCA-9-1 0.05 0J' 18300 .I 180 10

TI 3 103 40 - C.%- Ij-l 0 .05 0.10 J180 31.90 VS1

TiIt #1 0 -40 T-CA-I'8.2 0.05 0..' 14,900 18.l8' 1.03

W t1 N.2. 0 40 T-CA-7-2 1 101 0,.10 833 Q'k) I %' 1.41
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Ow .) N--.. 40 I -CA-17-2 0.1.0 0.30 e..10 l4,9N I .0

N-,.. 40 1-0A- I -2 0.1.5 0.3) %,0w 10X 1.1
I.W~l T ,10 40 .0.17I 02) 0.50 IV80 to, 0 0.v

C r 1.03 40 10.8I 0. .3'.010 338 0.13

N... 4..d I-. 40 I-CA-7I-3 0. '.X 0.50 41,883.1 10.0.50 0.431

N...'. N- 40 1-CA-2.- O.(33 0.1 MI 14.10 1. 1.0,

(.w 0 1- 11 4F0 1..' -CA 17 0.0Z) 0.530 28. to) 03. PAI 0.8m

c 1 1.05 40 T CA-I-I 0,~.l 0,. So 6 X,347 .8.4 0. 1

C-T 1.01-CA40 -J 0.003 0.13 1. .1 V0 817 .A 0. 5

C""6... IL I 40 I*CA-73 000!1 0. 10 314, .N mu M.T 1.1

TI I 0 v0 I-CA.2- 0.003 0.1.%o 2V.80 A 8l 8 0 So 1

it 92 0 41 I-CA-4-3 t 0.04 0.100 42, A, 4" 4.) 0 Q53

It'. 0 0 40, 1-C A-6,7 0.011 0196 40.440 4 '.0 1k\_ I8l
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